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SUMMARY

The application of DOT (Domain Tip) logic to the design of an
assoclative processor has been studied. This final report
represents the results of the program's work effort in which
solutions to most of the bésic problems have been obtained.

In particular, word selection logic and memory cell structures
have been designed, implemented and found to function satis-
factorily. Technigues for performing the various search and
processing operations required of an associlative processor

for spaceborne applications have been developed and methods

for reducing the basic search cycle time considered. Materials

and fabrication studies were undertaken in an effort to improre

upon existing multilayer and laminated film techniques.

The report concludes with a possible design for a 1000 word,
100 bits per word DOT assoclative processor and a discussion

of system characteristics and tradeoffs.




NOTE
In the past, "DTPL" has been used as the acronym for the Domain
Tip Propagation Logic technology. Recently, Cambridge Memories,
Inc. found 1t convenient to rename this technology DOT from
Domain Tip. The reader's attention is called to the fact that
in this report and thereafter, DOT will be used in place of
DTPL in all reference to the Domain Tip Propagation Logic

Technigue.
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1. INTRODUCTION

The Study of Advanced Associative Processor Techniques, Contract
NASA 12-543, is a program to investigate the application of
DOT all-magnetic memory-logic techniques to the implementation
of spaceborne associative processors. DOT (ngain Tip) logic
is a newly-developed magnetic thin-film technique that utilizes
controlled domain tip propagation and interaction for per-
forming any desired memory or logic function, and thus lends
itself to the realization of a wide varilety of batch-fabri-
catable digital memory and logic devices of miniature size,

low power and high speed. The combination of the various
memory and logic technigques offers new and unique solutions

to the problem of constructing reliable, low-cost associative

processors to meet the requirements of future space vehicles.

This report represents the results of the theoretical and
experimental work performed on the program. The study was
divided into the following principal tasks: (1) evaluation

of logic structures, (2) evaluation of memory cells and (3)
memory system analysis. Task 1 was involved with the study

of new DOT logic structures which, in addition to existing
elements, are redquired for performing such functions as address
selection, film-film information transfer and conditional
erase. 'Evaluation of memory cells" describes the effort to

determine the optimum associative memory cell configuration




based upon an experimental study and comparison of the various
designs that are possible with DOT memory-logic technidues.
Size, speed, control conductor pattern and logic capability

were the cell characteristics considered, and tradeoffs between
these resulted. In the final and most important task memory
system analysis, principal emphasis was placed on how to

best achieve associative processor search (equality, inequality,
maximum/minimum) and processing (field addition, operand
addition) operations. The results of this study and the
experiments and investigations performed in the course of

the previous two tasks produced several approaches to the
implementation of a full 1000-word, 100-bits-per-word assoclative
processor. Analysis of the different memory array organizations
in light of known ranges of requirements, e.g., adaptive data
acquisition and trade-off capabilities between functional
characteristics of these processors was an integral part of

this task.

The following sections contain descriptions.of the work per-
formed on the aforementioned tasks. The material is presented
in a manner which leads the reader from the basics of DOT
technology through memory cell design to the organization of

a memory array.

To begin with, section 2 contains a review of the basic DOT
elements, the new elements and techniques developed during

the program and methods of readout from a DOT film plane.




Section 3 describes the design and operation of a memory
selection network In which only n input control conductors

are requlired to select one of ol output channels for writing
into or reading out of 2" word associative memory. The several
associative memory cells investigated in the course of the
program are discussed in section 4. These are classified on
the basis of their outputs during an equality search operation
i.e., output-on-match or output-on-mismatch. For each of the
cell configurations, the method of performing the write, read,
erase and test for match functions is 1llustrated. Evaluations
of both preliminary and final designs consgidering such charac-

teristics as speed, size and logic capability are presented.

Section 5 is devoted to the various search and processing
operalions required of a general-purpose assoclative processor.
The approach taken has been to develop algorithms for accom-
plishing these functions in memory array composed of both

types of storage cells demonstrating the all-parallel search
capability using DOT logic techniques. It will become apparent
from this discussion that the output-on-mismatch cell is
inherently better suited for the tasks of information transfer
and comparison which are the basis of such operations. The
logic for the search and processing operations using this type
of cell has then been combined into compact structures completing
the memory plane design. Technigues for resolving multiple
matches are also discussed and the problems of word address

generation and the reading of match words considered.

1-3




A description of the materials and fabrication studies per-
formed during the program is presented in section 6. Multilayer
techniques are described and the potential advantages of

laminated magnetic layers discussed.

The culmination of the program's work effort is presented in
section 7 in the form of a possible design for a full 1000-
word DOT assoclative processor. The memory would be capable
of meeting the functional requirements of an adaptive data
acquisition system, a system potentially useful for performing
a variety of tasks aboard a long-range exploratory aerospace
vehicle. Included in the discussion is a description of the
memory film planes, drive and sense electronics and magnetic
field generating colls. System analyses based on current and
future production capabilities are presented which consider
memory speed, cost, power, and size and weight. The report
concludes with a discussion of the system tradeoffs possible

with different size memories.

1-4




2. DOT LOGIC TECHNIQUES

2.1 Review of Basgic Elements

A comprehensive discussion of the fundamentals of the DOT
technology is presented in the proposal for this program
submitted to NASA/ERC.l For the reader who is not familiar
with the material in this document, but principally for the
purpose of completeness, a review of the basic elements and
techniques of DOT is seen to be in order. This subsection,
then, describes the operation of pertinent channel structures
and establishes the schematic representation utilized in the
illustrations of logic networks, memory cells, etc., presented

in the pages to follow.

Channel - The word '"channel' refers to the low co-
ercive force region embedded in the DOT film plane

of generally high coercivity which functions as a
reciprocal magnetic transmission path for the pro-
pagation of domain tips. Figures la and 1b depict
channels containing domalin tips propagating in opposite
directions. Assoclated with a channeled domain tip 1is
an interaction field resulting from the accumulation of
"magnetic charge,' the origin of which is the non-

zero divergence of the magnetization (V.M == pm )

in the vicinity of the tip. The polarity of magnetic
charge depends upon the direction of tip propagation

wilith respect to the high coerclive force packground

2-1
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Figure 2 DOT inhibit gate (a, b) and its schematic representation (c).
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magnetization (see Figures la and 1b).

For the most part, channels are oriented parallel to
the easy axis of magnetization, but deviagtions of

up to 30° are often required to perform certain logic
functions and interconnect neighboring elements.
Chennel widths w typically vary from .00l to .008
inches according to the requirements of tip coercivity
Hy (threshold field for tip propagation) and velocity
vy (a function of applied field Hp). The former

is dinversely proportional to channel width, i.e., Hy o
while the latter can be expressed as v, (H )

1/2 const.
. This dependence of velocity upon channel

1
W
a (w)
width is the important characteristic which makes
possible the introduction of delays into specific
channels of a logic network. The schematic repre-
sentation of a regular channel (.003 to .008 inches)
and delay segment (.001 to .003 inches) are illustrated
in Figures 1lc and 1d. A more complete expression

for tip velocity as a function of HA, w and HK
(anisotropy constant proportional to the percentage

of cobalt in the ternary film alloy NiFeCo) is

given by
vo=(2:5 - o7) (1, - 3) ()% % 107 cm/sec (1)

where the units of HA and HK are oersteds and w

ie in mile.




Inhibit Gate - The basic DOT logic element is the

inhibit gate or inverter shown in its optimum two-

layer configuration in Figure 2a, and known for

obvious reasons as a 'hatchet gate." As illustrated

in Figure 2b, the presence of a domain of reversed
magnetization in the hatchet-shaped information channel,
contained in one magnetic layer, creates a configuration
of magnetic charges and interaction fields which

inhibit tip propagation in the narrow main channel
located in a second, superimposed magnetic layer.

The gate will perform over a drive field range of

410 oe (iAB% tolerance) independent of the direction
of tip propagation in the main channel. The schematic
representation is shown in Figure 2c where the output
C=A‘B for input variables A and B. If the input

A=1 at all times (A driven by a 1 generator), then

C=B and the gate functions as a inverter i.e., B-B.

Film-Film Transfer - In order to realize complex

logic networks using the two-layer inhibit gates,

it must be possible to transfer information (domains
of reversed magnetization) between overlying film
planes. The film-film transfer element developed

for such purposes is shown in Figure 3a and consists
of two easy-axis, .008 inch channel segments contained
in the superimposed magnetic layers and overlapped

.010 inches. The entire structure 1s approximately

-4
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Figure 3 DOT film -film transfer element (a, b) and its schematic

representation (c).

Figure 4 DOT crossover element (&, b) and its schematic repre-
sentation (¢},
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.025 inches in length. Transfer from channel A to
channel B occurs when a domain of reversed magneti-
zation is nucleated in B as the direct result of the
presence of a tip at the end of A (see Figure 3b).
This process will only occur if the applied field

HA plus the tip stray field HS exceeds the nucleation
threshold in channel B. In typical film-film struc-
tures, a minimum applied field of ¥ 4 oce is sufficient

for this operation. Figure 3c depicts the transfer

element schematically.

Crossover - The principal requirement of a crossover
element is that there be complete magnetic isolation
between the component overlying channels. Figure

La illustrates a suitable configuration of channels

in which no film-film transfer will occur for applied
fields up to 10 oe. This 1limit is required if the
full operating range of the inhibit gate is to be
realized in general two-layer nétworks. The operation
of the crossover and its descriptive symbol are de-

picted in parts b and c¢ of the figure.

Diode - The DOT equivalent of an electronic diode is

a non-reciprocal magnetic transmission path. A single-
film channel configuration which permits only uni-
directional tip propagation 1s presented in Figure 5a.
Its operation is based upon two effects known as 'tip
steering' and "wall pinning." The former makes possible

2-6
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Figure 5 DOT magnetic diode (a,b) and its schematic
representation (c).
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representation (d}.
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the propagation of a tip in channel A past the opening
0O without entering channel B. After this has occurred,
the gsecond effect comes into play, and the domain

wall which now bridges the opening O becomes "pinned"
between P and P'. Thus, no output into channel B

will occur as shown in Figure 5b. The forward dir-
ection of the diode 1s from B to A which is an easy
direction of propagation for fields exceeding the
coercive force of the narrow channel segment. The
latter value is 4 oe while the upper threshold deter-
mined by the breakdown of the pinning effect in the
back direction is ~10 oe. Figure 5c 1s the symbol

for the DOT diode.

Fan-Out - Since domain tip propagation is a lossless
phenomenon, fan-out from a single channel is essen-
tially unlimited. A simple structure which permits

a fan-out of two is shown in Figure 6a. The minimum
applied fiéld for successful operation as illustrated
in part b is approximately 3 oe. If the input channel
A 1s terminated and channels B and C are designated

as the input and output, the element functions as

a corner which enables the direction of tip propagation
across a Tilm plane to be reversed. Thils mode of
operation and the symbol for the fan-out element are

illustrated in Figure 6c¢ and 64d.

28




Fan-In (OR Gate) - The channel configuration for a
fan-in element is equivalent to the wired OR case

in electronic circults i.e., a palr of input channels
are merely interconnected magnetically with no isolation.
Figure Ta depicts the fan-in (OR gate) which is a
fan-out operated in reverse. The threshold field
for the former is somewhat less than 3 oe since the
fan-in and fan-out effects are not magnetically
equivalent. Figure 7b is the symbol representing

the fan-in (OR gate).

Storage Configuration - In the operation of most DCT

devices and networks, a drive or propagate phase is
followed by an erase and hold cycle which resets
(erases) the magnetization in the various logic
elements and interconnecting channel segments while
preventing erasure at specific storage locations. The
latter effect is accomplished by energizing'hold
conductors which produce fielde in opposition to

the erase field and cancel the effect of the latter.
Where a hold conductor is forced to cross channels

in which erasure must occur, the width of the line

is Increased to reduce the effective holding field.
This condition occurs throughout the film planes
containing the storage cells of an associative memory
and 1s illustrated in Figureg Ba-c. Part a depicts

an initial state in which channel A and B are reset

2-9
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Figure 7 DOT fan-in (OR Gate) element (a) and its
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Figure 8 DOT storage configuration (a,b,c) and its schematic

representation (d).




and a domalin ls stored in segment 5. Let us assume
that all channels are switched during the succeeding
drive cycle. This new state of the magnetization

is given in Figure 8b. In order to return to the
initial state, an erase and hold cycle must occur

in which the hold is effective in channel segment

S alone. The specially-chaped hold line depicted

in part c¢ performs this function when it 1s energized
in coincidence with the erase field. Figure 8d

is the schematic representation for storage location
S, regular channels A and B and the hold line. It
mist be emphasized that in similar configurations

in sections 4 and 5, the hold line is only effective

where 1t intersects a channel designated S.

2.2 New DOT Elements and Techniques

Although the DOT all-magnetic logic elements described in the
previous section form what might be called a "complete set"
with which any memory-logic function can be realized, the need
for improved elements with greater logical power has become
evident in the course of this study program. The problem of
optimizing the size, speed and logic capability of DOT as-
sociative memory cells has been the principal motivation
behind the work effort devoted to the study of new logic
elements and storage and processing techniques. In the dis-
cussions which follow, the pertinent resullts of these studies

are degcribed. The significance of the new elements and
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techniques which have emerged will become apparent to the

reader in later sections of this report.

Punch-Through Diode - The operation of the DOT tip

steering diode (Figure 5) has been described. A
punch-through diode element consists of the basic
diode and control conductor as shown in Figure 9 and
schematically in 9b and performs the tip-field AND
function required in the design of an associative
memory cell (see section 4). In the operation of
the element, the presence of a domain tip in channel
A and a pulse of field from the conductor causes
punch-through of a tip into channel B. The conductor
thus acts to "gate" the diode when a tip enters via
the back direction. This operation is somewhat
reminiscent of a solid-state silicon controlled

rectifier (SCR).

The experimental configuration utilized in the study
of the punch-through diode is depicted in Figure O9a.

A domain tip is introduced into channel A by means

of the nucleate wire and propagated to C using the
uniformly-applied easy axis field HA' When the tip
reaches C the control conductor is pulsed producing

an easy axls field HP which, in addition to H,, causes
punch-through into channel B. Readout 1s accomplished
by means of the pickup loop at the end of channel B.
The upper limit on HP is designated HPmax and 1s the

2-12
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field at which spontaneous nucleation occurs. It is
determined by increasing HP until an output is obtained
with no input domain tip in channel A. The lower

limit HPmin is the minimum pulse field which causes

punch through when an input is present in A. HPmax

and HPmin are related to HA’ the diode forward and
back thresholds HtB and HPT’ and the nucleation field
HN by the following expressions:
HPmin - HPT - HA (2)
Hppax = By = fa (3)
where Hyp ¢ Hy < Hpn (4)

For a given value of uniform drive field, the range

and tolerance % T on H_ are:

P
HPT - Hy < Hp<Hy - Hy (5)
H_ - H
and T, = & NPT X 100% (6)
oy ¥ Hpp - 25,

What makes this element reliable (high %THp) is

the fact that the value of H  in equation (6) is not
the overall nucleation field in a multi-channel logic
structure nominally -~ 12 oe, but the nucleation field
in a channel when this field is produced by a narrow
conductor which can exceed 20 oce. Choosing HA = 8 oe
with HN = 16 oe and H, = 10 ce in equation (6), we

P

obtain a theoretical tolerance of + 60% for Hp.
2-14




The operating region of the punch-through diode
element is obtained using equations (2) to (4) and

the above values. It 1s deplcted in Figure 9c.

An experimental study was undertaken to determine

the effect of film compogition upon the shape of the
operating region in order to optimize element per-
formance. Film samples containing diodes were
fabricated with NiFeCo magnetic layers of 13, 19

and 22% cobalt, the NiFe ratio adjusted for zero
magnetostriction. A control conductor placed across
the diodes and driven by é high~current pulse generator

provided the field H The results are presented

P
in Figure 10 for the critical thresholds HPmin and

HPmaX as defined previously. Referring to the figure,

it is seen that both Hpps, and H increase with

Pmax
the percentage cobalt (the nucleation and punch-through
fields increase with the anisotropy constant HK

which is related to the cobalt concentration). The

most predominant effect 1s the sharp increase in Hppqp
between 19 and 22% Co which greatly reduces the operating
region of the latter. In the 13 and 19% Co cases,

the minimum thresholds are somewhat alike, but HPmaX is
higher in the latter. Thus, from these curves, it
appears that optimum performance of the punch-through
diode is obtained using a {film composition contalining

19% cobalt. The use of this element in the word

selection network and several storage cell configurations
2-15
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is described in sections 3 and 4.

Punch-Trirough Transfer - The film-film transfer

elements required in memory cells realized using

a super-imposed film structure significantly affect

the size of these logic networks. As described pre-
viously, the transfer elements are .025 inches in

length and .008 inches in width. Smaller configurations
can be utilized, but only at the expense of overall
network tolerance since larger applied fields are then

necessary for proper information transfer.

A new logic element has been conceived which virtually
eliminates film-film transfer channels of the above
type in memory-logic networks containing the punch-
through diode. The structure is called a "punch-
through transfer” and is illustrated in Figures 1lla
and b. 1t consists of a DOT diode and a narrow

(.0015 inch) channel in a superimposed film which
overlaps the shortened output channel of the diode.
The control conductor which provides the punch-through
field also produces the addlitional field required

for transfer from the narrow output channel of the
diode into the overlying channel segment since it
crosses both the diode opening O and transfer region
T. Using the experimental result that the field for
transfer between overlapped .001% inch channels in

~6 oe and the fact that a net field (Hp + Hp) > 10 oce
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Figure 11 DOT punch-through transfer element (a)

and its schematic representation(b).

Figure 12 Standard DOT  AND Gate. Figure 13 Channel configuration of

small por AND Gate,




is applied to the diode for punch-through, it is
apparent that transfer into channel A will occur
when the control conductor is energized. Thus, two
logical operations are possible with an element no
larger than a diode. The reduction in memory cell
size possible with this element is illustrated in

section 4 (Basic Memory Cell Structures).

Small DOT AND Gate -~ The standard method of performing

an AND operation using DOT logic 1is depicted schemati-
cally in Figure 12. To obtain the correct output,
input B must enter the network before A in order that

an inhibit occurs at G. permitting A to pass through

1
G . Although this network is simple in design and

2
functions reliably, it occupies an area .080 inches
by .015 inches, which 1is rather large in comparison
to the basic logic elements, 1.e., inhibit gate,
fan-out, diode, etc. ©Smaller AND gates utilizing
the stray fields from two domain tips to cause
nucleation in a third channel have been studied, but

their operating margins are not sufficient to meet

present DOT memory-logic network requirements.

An extremely small AND gate has been 1nvestigated
for possible use in memory cells and array. The two-
layer element is illustrated in Flgure 13 and con-
sists of a DOT diode and superimposed gate channel

A ts operation 1s analcgous to the punch-through

1
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element, in this case, the punch-~through field being
supplied by a domain tip in A. Information in channel
B alone will not produce an output in C (diode effect),
and A alone will not transfer into C. When domains
are present in both channels, the stray field from

the gate channel will cause punch-through into C

and an output.

AND gates of this type have been tested to find the
optimum position of the gate channel. A maximum
operating margin of 3 oe was achieved, the principal
source of faillure being unwanted transfer from the
gate to the output channel. A reduction in the
effective gate interaction field results when it is
positioned to avoid this type of error. Other channel
configurations using this punch-through technique

to realize the AND function are possible and a worth-

while subject for future investigation.

Two-Input Inhibit Gate - A natural extension of the

hatchet type inhibit gate is the channel structure
illustrated in Figures 1lla and 14b. The study of
memory cell designs has shown the need for a gate with
entries on either side of the main channel. For such
purposes, the two input channels must be isolated.
This is accomplished by adding diodes as depicted
schematically in Figure 1lhc. Two-input gates of this

type have been operated successfully with no loss in
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Figure 14 DOT two-input inhibit gate (a) and its
schematic representations (b, ¢).
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tolerar as compared to the basic gate. The former

=
¢
)

is incorporated in the output-on-match memory cell

described in section 4.3.

DOT Galvanomagnetic Transfer Technigue - The use of

galvanomagnetic effects for the rapid transfer of in-
formation between widely separated locations on the
same or different film planes was described in the
proposa12 for the program. Figure 15 illustrates

the manner in which two channels A and D are inter-
connected by means of the planar-Hall element. A
domain is introduced in channel C as part of the normal
drive cycle by the nucleate wire. This tip is stopped
at P due to the increased coercivity of the necked-
down channel segment. An output from the Hall effect
element via T occurs if a tip 1s present in channel

A when conductor H 1s energized with a pulse of
current. This output is used to produce a field which
forces the tip in C through the constriction at P

so that it appears at D. The control élement output
conductor T is directly above narrow channel segment

P as shown in the figure.

While complete structures of the type shown in Figure
15 have not been implemented, an experiment was per-
formed using an lsolated planar-Hall element to deter-
mine feasibility of the aforementioned scheme.

In this case, the necked-down channel segment P

2-22
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(see Figure 15) was replaced by a blocking conductor
which, when energized, produced a field HBL inhibiting
tip propagation. The experimental configuration

is presented in Figure 16a. It is seen that a boosting
line driven by the output of an isolated planar-Hall
(PH) element is positioned above the blocking line.
When the state of the magnetization M in the PH element
1ls such that»I =1 ., the field produced by the

PH PHmin

. . - < . .
boosting line HBO HBOmin HBL and a tip entering

channel A will come to rest as shown in the figure. This

magnetic state will be known as M =o0. IfW¥ is oriented

s

such that Ipy = Ipgpax(M = 1), Hooy Hpopay and H

Thus, the effect of the blocking field 1s cancelled and

BOmax> Hpr,.
the input tip propagates to B. Figures 16 b, ¢, d and e
show the bipolar tip readout signals and IPH for the sit-
uvations indicated. The positive and negative signals cor-
respond to the input domain tip as it enters and leaves the

vicinity of the control conductors respectively.

Additional study of galvanomagnetic trénsfer elements
is required. In the above experiment, an input current
pulse I to the planar-Hall element of L amperes was
required to obtaln an outpuf current of only 27ma.
Techniques must, therefore, be developed to improve

the "transfer' characteristic Ipipasx/ L of planar-Hall

elements, particularly those using channeled magneti-
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Figure 16 Experimental configuration used in study of gal- t
vanomagnetic transfer technique {(a) and readout
signals (b,c,d, e) - (see text).
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zation which, in previous experimental studies, have

yeilded a maximum of 5.6 mv/ampere. Among those

factors to be considered are the electrode configuration,
channel width and angle and element isolation. The
latter involves photo etching slits in the magnetic

film around the PH element to direct the flow of input

current across the readout channel.

2.3 DOT Readout Technigues

Reliable readout of information from a propagation channel

is essential to the success of the DOT technique as a means
for realizing complex memory-logic functions. At present,
two tehcniques are utilized for detecting the presence of

an information-bearing domain of reversed magnetization. The
first method involves inductively sensing the signal from a
propagating domain tip and yields an output of the order of
50-100 pv per turn of pickup loop and readout channel. The
second class of readout elements utilizes galvanomagnetic
effects, magnetoresistance and planar—Hall,‘which are capable
of producing output gignals of several millivolts. In this
case, an angular difference, approaching 90°, between the
switched and unswitched states of the magnetization within the
output channel is required. This difference is a result of
the shape anisotropy and can, therefore, be controlled by

the channel width and orientation.
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Inductive Readout -~ The basic advantage offered by

the inductive readout scheme is the simplicity of
fabricating pickup loops. These photo-etched conductors
are normally contained in a wiring pattern which in-
cludes nucleate, hold and punch-through control con-
ductors upon which is placed the DOT memory-logic

film plane. A principal limitation of this technique
is signal amplitude. The use of multiple readout
channels and multiturn pickup loops can significantly
increase the output signal, but only at the expense

of network or memory cell size and speed. Furthermore,
a multiturn sense loop of the type illustrated in
Figure 17a 1s not conveniently fabricated since a
connection to the center pad is required. An "equi-
valent" configuration (same number of turns) with

both coil connectors in the same layer is shown in
Figure 17b. The increased coil area, however, results
in larger noise signals (component due to turn-on

of drive and control fields) which, in many cases,

mask the information-bearing output.

Recently, significant progress has been made in the
developemnt of multiturn inductive pilckup configuration
which makes use of a plated-through hole to inter-
connect matching loops photo etched on both sides

of a control conductor substrate. Figure 10 illustrates

the component loops, location of the plated-through
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a, b.

Figure 17 Multiturn pickup loops.
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Figure 18 Multiturn pickup loops employing plate-through
hole.




hole and the output terminals a and b. The fabrication
technigue for making contact between layers without
shorting the various turns is gquite tedious, and accu-
rate registration techniques are required. Sample
pickup loops have been fabricated which were continuous,
thereby demonstrating the feasibility of the technique.
In actual operation as the readout element of a DOT
device, a three-turn loop palr positioned over a

single readout channel produced a signal four times
larger than normally obtained with a single turn. Although
there are six turns in the loop pair, the contribution
from the bottom conductors was diminished by the film
conductor spacing which was approximately .004 inches.
In addition, there is some signal spreading due to

the spacing between adjacent turns. Thus, the observed
one-third reduction in signal strength from a possible
6V to 4V, where V is the single-turn output, is to

be expected.

Additional experimental studies were performed to
optimize the channel readout signal using the inductive
pickup scheme. Firstly, single turn loops were

employed in sensing propagating domain tips in channels
of varying widths. Since the output signal V is related
to the channel flux @ by V =4¢/at, an increase in
channel width W directly affects ¢ and hence V.

Furthermore, the 1/At factor is proportional to the
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domain tip propagation veloclty Vt which from equation

(w)t/?

(1) varies as for a given value of applied
field Hy. Hence, Vm(W)S/g. Thus, if V, is the
signal obtained from a .003 inch channel, one would
expect a .009 inch channel to produce a readout of

3/2

A5V, . This (W) behaviour of the channel output
was verified experimentally and a signal of 100 uv
obtained from a single .008 inch channel in a 1500 A,

19% cobalt film for a general drive field H, of 8 oe.

While significantly larger channel outputs can be
obtained by further increasing channel width and drive
field, a readout structure consisting of two .009 inch
channels as shown in figure U45a appears to be optimum
without affecting memory cell size. Furthermore,
a general drive field of 8 oe 1s the nominal operating

point for DOT memory-logic networks.

The optimization of mulliturn pickup loop geometry

was also congidered. Three, four and six-turn loop
pairs were fabricated on thin (.0025" core) epoxy
laminates using fine line etching techniques. The
three configurations were tested using a single readout
channel with the following results: The four turn

loop produced a signal 30% larger than the three

turn loop palr while an additional increase of only

s

35% was achieved with the six turn loop pair. The
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deviations from the theoretically expected amplitude
inereases, in particular 50% from four to six turns,
is a result of the loop width which increases directly
with the number of turns. Signal spreading results
and the peak amplitude increases at-a decreasing rate.
With loop line widths and spacings equal to .002
inches, we obtain total loop widths for the three,
four and six-turn configurations of .010, .014 and
.022 inches respectively. Given that the length of

a propagating domain tip is approximately .020 inches,
one would expect the increase in signal spreading or
signal width per turn of pickup loop to be constant

as the number of turns exceeds six. In other words,
an increase in the number of turns in a multiturn

loop above six will not produce a signal of sgignifi-
cantly larger amplitude. Since loop resistance 1is
directly proportional to the number of turns, the
advantage of a six turn loop over a four turn geometry
is questionable. For present purposes then, we will
consider a four turn loop palr as optimum. Geometries
utilizing smaller line widths and spacings will not

be considered as a result of the fabrication problems

these would create.

In summary, a configuration of two .009 inch channels
and a four turn pickup loop palr employing the plated

through hole technique presently, appears Lo be optimum
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for achileving cell readout. A peak output signal of
one millivolt for a duration of .5’#560 would be

obtained under these conditions.

The use of plated-through multiturn pickup loops as
the bit slice sense line in an associative memory
array poses somewhat of a problem. With typical loop
resistances being 1 ohm, a total sense line resistance
exceeding 100 ohms could be expected. Sense amplifiers
with a high input iImpedance would then be required to
avoid losing the entire signal in the line itself.

For example, if the input impedance was 100 ohms,

only 50 percent of the pickup signal or approximately
.5 millivolt would appear at the amplifier input. A
more suitable impedance value would be 1000 ohms for
in this case only 10 percent of the signal is lost

in the sense line. The sense amplifier requirements
could then be readily satisfied by a Fairchild pAT33,
a wide band, differential amplifier with a gain of

200 when its input impedance is adjusted to 1000

ohms. This first stage of the sense amplifier is
normally followed by a differential voltage comparator
such as the #ATlO which produces a 3 volt output when
the input exceeds the preset threshold of ~100 millivolts.
The output of the pAT10 is then strobed at the time
the domain tip signal appears and the final output

information stored in a flip-flop.
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Galvanomagnetic Techniques - The configurations of

DOT planar-Hall effect and magnetoresistance readout
elements are depicted in Figure 19. Fabrication of
these elements requires photo-etching copper electrodes
a to f on the film element around the output channel.
The lead-in conductors (nct shown in the Tigure)

are formed in a similar manner and insulated from the
magnetic film by a layer of photo resist. Referring
to figure 19, it is seen that isolation slits are
located around the electrodes to assure that all

of the input current passes through the active area
of the output channel (between electrodes a and b

in the planar-Hall element, ¢ and f in the magneto-

resistance element).

A number of DOT readout elements using the planar-Hall
effect and magnetoresistance have been fabricated

and tested. Figure 20a is a photograph of a planar-Hall
element positioned above the output channel of a DOT zig-
zag device. No isolation slits were utilized in this
case. Part b of Figure 20 depicts the change in output
voltage produced as the tip propagating down the zig-zag
channel enters the output channel. Additional results
obtained using galvanomagnetic readout elements are
summarized in Table I. In the case of the planar-Hall
element, the effect of displacing current electrodes off~

center toward one of the voltage electrodes was examined.
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(a)

(b)

a) Planar Hall effect readout element

b} Output from DOT --planar Hall effect readout
element without isolation slit

Vertical scale: L2mv/div
Input current to readout element = 400 ma
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For the magnetoresistance element, different angles
g (see Figure 19b) were investigated. The effect

of disolation slits was also considered.

The results presented in Table I indicate, very clearly,
the improved output made possible by partially isolating
the readout elements. Planar-Hall elements are seen

to yleld a lower output signal in the off-center
configuration, while the magnetoresistance elements
produce larger signals with ¢ = 15° as compared to

g = 450. Although somewhat lower outputs were obtailned
with the magnetoresistance effect, critical positioning

of the electrodes is not required.

Referring to figure 19, it 1is seen that the element
electrodes a and b are symmetrically located about the
dotted line through electrodes ¢ and d and vice versa
for the positioning of ¢ and d with respect to a and b.
In this manner, the effect of "leakage' currents

between electrodes a and ¢ and a and d should be
minimized while the transverse electric field between

c and d generated by the interaction of the input current
and channel magnetization produces the principal output
signal. Evaluation of experimental planar Hall elements
of this type has shown that this is not the case and
that an unbalance in "leakage' currents exists which
produces an offset voltage. This offset voltage may

be an order of magnitude larger than the change in
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planar Hall output resulting from a reversal of the

magnetization in the readout channel.

The interconnection of a large number of planar Hall
elements, say 1000, in series compounds the problem
of offset voltage. If the latter is identical in all
elements, the total offset voltage would be three
orders of magnitude greater than the channel output
signal. This condition would necessitate the use of
an A.C. coupled sense amplifier which essentially
differentiates the planar Hall output voltage and

as such is unaffected by the offset voltage. Thus,
the variation in offset from sense line to sense line
would pose no additional problems for the sense
amplifier designer. The major design consideration is
the time constant of the sense amplifier coupling
network. Since the planar Hall input current, of

the order of one ampere, must be pulsed to avoid
element overheating and burnout, the input to the
coupling network will swing from ground level to the
offset voltage and a large voltage spike will appear
at the input to the sense amplifier. The aforementioned
time constant must be short enough to allow the ampli-
fier to recover from this noise spike in time to sample
the change in Hall output during readout time, but
long enough to prevent attenuation of a voltage change

if it occurs. The earlier the planar Hall input
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current 1is turned on wilith respect to readout, the
less critical the cholice of time constant. However,
in this case the readout elements will have to
dissipate more heat and burnout will become a con-

sideration.

A complete study of this problem was not considered
within the scope of this program. The solution to

the offset voltage problem lies mainly in the deve-
lopment of fabrication techniques to which little
effort could be devoted. The feasibility of using

the planar Hall effect to obtain domain tip readout
has been demonstrated, but its use in an associative
memory is Impractical at thils time. Extensive element
optimization and fabrication studies must be performed
before one can weigh the advantages of this technique
against the complexities of film element fabrication

which would be incurred.

Experiments were also performed to determine if magneto-
resistance readout elements behave in accordance with
the theoretical expression for their operation. This

relationship is given by

AR =G (A2) b cos® 8 - cos® (8 + 27) (7)

where (égd is the magnetoresistance coefficient, p/T

is the resistance/square of film, G is a geometrical
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factor, and angles @ and ¢ are defined in Figure

19b. No isolation slits were used in the test elements.
Typical 13% Co, 1500 A film planes containing readout
elements with varying electrode angles @ and ¢ = 30°
were prepared by vapor deposition in the usual manner.
Evaluation was performed on the DOT AC test bench with
fields applied at 450 to the easy axis. The results

of these experiments are shown in Figure 21, in which
the signal out in MV/amp 1g plotted as a function of
electrode angle ®. The dotted line represents the
equation for AR normalized for comparison with the
experimental data. It 1s seen that the data is in

good agreement with equation (7). A maximum 4R

occurs for & = 1050 and a zero value for 8 = 759, The
difference between the curves is attributed to the fact
that the magnetization within the output channel in

the "1" state does not lie at 60° (2¢) to the easy
axis. It is reasonable to assume that 2¢ is less

than 60°--let us say 40°--which would yield AR = O

for 700. The experimental result of €@ = 750 for the

zero point verifies thls assumption.

The problem of offset voltage in the planar Hall readout
element which result from an unbalance in leakage
currents occurs in a magnetoresistance element although
the mechanism is somewhat different. In the latter

case, an output voltage appears across the sense line
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terminals equal to the Input current times the sum of
the sense line and element resistances. When many
elements are interconnected in series, the total
resistance is essentially directly proportional to

the number of readout elements and the offset voltage
varies accordingly. Since the element resistance

can never be zero, an offset voltage will always result.
On the other hand, the planar Hall offset can be
minimized and possibly eliminated by proper positioning

of element electrodes.

If the magnetoresistance readout elements were employed
in a bridge configuration, a null condition could be
obtained for a "0" memory cell readout and a positive
or negative voltage obtained for a "1" output. In

this case, the variation in element resistance due

to the variation in electrode-film contact resistance
from element to element would redquire that the bridge
incorporating each sense line be individually nulled.
For this reason and those described previously in
conjunction with the planar Hall elements, it is
believed that the use of magnetoresistance as a readout
technique is presently unsuitable for a DOT associative

processor.
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3. WORD SELECTION IOGIC

3.1 Introduction

While storage cell selection circuits are required in most
computer memories, their use in associative processors depends
upon the application and organizational approach. If, for a
particular application, it were desirable to include among the
various assoclative processor functions the capability of
reading and writing by address, word selection logic would
then be required to perform address decoding. Electronic
hardware of this type usually comprises a major portion of the
memory system electronics and thus determines, to a consid-
erable extent, the cost of the memory. The DOT techniques

of information processing make possible the design of batch-
Fabricatable selection networks which offer many advantages

in cost and power requirements over conventional memory sel-
ection schemes. This section contains a description of channel
selection networks which have been implemented and tested

during the program.

3.2 Decoding with Domain Tips and Conductors

The technique of decoding by a combination of domain tip
propagation and control conductor logic has been described

in the proposal. A brief review of this scheme follows.

Let us consider the configuration in Figure 22a which congists
of two propagation channels containing high coercive force,

narrow segments ny and n, crossed by a U-shaped control conductor.
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Part b of the figure depicts the schematic representation.
When input domain tips A and B enter channels 1 and 2 under
the influence of an applied fiend HA<QHt (tip coercive force
in narrow segments), they come to rest a% nq and n

2
respectively. If, at this time, the control conductor is
energized with a positive current pulse Ip producing a field
Hp which satisfies Hp + Hpy > th, tip A will be forced through
nq and emanate from channel 1. At No, Hp is in opposition

to the applied field and tip B remains at that location. If,
‘on the other hand, the control conductor is energized with

a negative current pulse, the opposite effect occurs and an
output 1s obtained from channel 2. Channel selection, there-

fore, depends upon the polarity of control conductor current

and position of the high coercive force channel segments n, .

3.2.1 Preliminary Word Selection Network

A 16-channel DOT word selection network using the configuration
in Figure 22 as the basic building block is depicted schemati-
cally in Figure 23. Each coded output channel corresponds

to the input channel, or channel pair of a word in the asso-
ciative processor. The four address lines are driven from
bipolar drivers, the polarity of current pulse IP. determined

J
th bit of the word address register. The

by the contents of jJ
code for each word is given in the figure and corresponds to
the pogition of the channel segments n with respect to each

address line. A 1 is represented by an n channel crossed by

the upper half of a U-shaped conductor, while the intersection
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of an n and the lower half of an address line 1s designated
as a 0. The nucleate line indicated in Filgure 23 is used to
simultaneously introduce domains of reversed magnetization

into all channels at the start of a decoding operation.

Referring to Figure 23, it is seen that only four address lines
are required to select one of sixteen output channels (words).
Describing this in another way, M words of memory can be
selected by N lines where M = 2N or N = 1og2M. The important
feature of this network is the fact that the decoding takes
place in the channel structure and the address lines can be
driven directly from an address register i.e. no electrical
decoding is required although the address register must be

provided with facility for producing positive and negative

currents. Electronics hardware is, therefore, minimized.

A preliminary design for the word selectlon network was im-
plemented, tested and found to function satisfactorily. The

5X photo-masks for the sixteen output channels and four U-shaped
control (address) conductors are presented in Figure 24. 1In
order to increase the tip coercivity in the narrow channels,
these segments were oriented at an angle to the main channels
and thus the film easy axis. Control conductor width was
approximately .005 inches yielding a field factor of ~50

oe/amp. Film samples containing the coded channels were
prepared in the usual manner by vapor deposition of a

2
71.5/15.5/13, Ni/Fe/Co, 1500 A, magnetic layer over the photo
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Figure 24 Channel (a) and conductor (b) photo-masks at 53X for pre-
liminary word selection network.
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etched aluminum channel pattern. Address conductors were
fabricated by photoetching copper-clad epoxy board which was
subsequently mounted upon a flat drive coil. The film element
to be evaluated was positioned face down on the conductors

to insure maximum uniformity of the localized address fields.

Using the Kerr magneto optic effect to observe the state of

the magnetization within the output channels and a simple
switching circuit to energize the address lines, correct
network operation was verified under pulse drive conditions.
With the applied field oriented to optimize the "blocking"
effect of the narrow high coercive force channel segments,

an addressing line current of ~100 ma (5 oe) was sufficient

to overcome that effect over a drive range of 3-8 oe. The use
of narrower control lines .0025 inches and less would make pos-
siblea reduction in this current requirement to ~50 ma. Under
these conditions there would be no need for conventional driver
circuits as an interface between the memory address register
and DOT selection network. There exist today simple semi-
conductor buffer devices capable of supplying pulse currents

of 50ma which can be used 1in the design of the associative

processor address register.

3.2.2 Final Word Selection Network

With the advent of the punch-through diode logic element
(see section 2.2) significant improvement in the operation

of the word selection network is possible. To begin with,
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punch-through elements would replace the narrow channel seg-
ments contained in the preliminary design (ref. Figure 24)

and .0015 inch (150 oe/amp) address lines utilized A drive

range of 4.5 to 10 oe would be obtained (nearly + 40% tolerance),
and the larger tip velocities achieved at the higher fields

(~7 oe) would reduce the time required for tip propagation
through the network. Tip velocity data indicates that a
selection operation in a 1024 word selection network employing
ten U-shaped address lines would reqguire 3 psec of memory

cycle time.

An improved 8 channel word selection network utilizing punch-
through element was designed, tested and found to operate
satisfactorily. The channel and conductor configurations are
shown in figure 25. In addition to the basic channel struc-
ture, the logic network contains a coded readout. The latter
in conjunction with the three level pickup loop depicted in
part e of the figure produces an output signal corresponding

to the address of the selected word channel. This scheme
faoilitates testing and may also be employed in the associative
memory as a means of obtaining the address of a word responding

to a particular search operation.

Figure 26 presents the output signals for each of the eight
addresses 000, 001,...111. In the figures, the three large
negative spikes to the left of center are noise signals produced

when the three selection lines are pulsed in succession. The
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Figure 25  Photo-masks at 5X for improved word selection net -
work -channel pattern (a), conductor pattern (b).
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Figure 26 Electrical readout signals from DOT
8-word selection network in Figure 25.




negative spikes to the right of center are the domain tip
readouts, a large output produced by a four channel fanout and
a small signal resulting from a single channel. Assigning a
binary 1 and O to the large and small outputs respectively,

we observe that each output combination corresponds to the

address of the selected word.

This design is the final one investigated during the program.
It is incorporated in the complete DOT associative memory

structure described in section 7.
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4. BASTIC MEMORY CELL STRUCTURES

4.1 Introduction

A major portion of the program was devoted to the design of

a sultable associative memory cell using DOT two-layer memory-
logic techniques. The dnitial phase of this study was con-
cerned with the problem of establishing techniques for per-
forming the basic cell operations namely storage, write, read,
erase, and test for match. Attempts were then made to combine
these capabilities in a single simplified channel and control
conductor configuration and render it as compact as possible

in order to maximize both densilty and speed.

We recall that in the proposed memory each of the binary digits
(bits) of a word consisted of two identical associative memory
cells for storing the 1's and the O0's. Two interrogate lines
were required for the match operation and all tests were based
upon the presence of a domain tip in a low coercive force channel.
The designs described in this section represent a new philo-
sophy in which a single cell per binary ﬁit is utilized for
storing and comparing l's and O's. The state of a cell--
binary 1 or binary 0O--is represented by the presence or absence
of reversed magnetization within the cell storage channel.

This will have the effect of nearly doubling the overall bit
density and simplifying the task of performing search and pro-

cessing operations.




The cell structures are classified according to thelr outputs
during an equality search operation i.e., output-on-match

or output-on-mismatch. A storage cell which produces an
output when there is a match between the stored and search bits
is designated as type #1 while type #2 is used to describe

a basic memory cell which produces an output on a mismatch
condition. The relative merits of implementing an assoclative
processor with a type #1 or type #2 memory cell will depend
upon the functional and organizational requirements of the
system. It will become apparent from the discussion which
follows and that presented in section 5 that the output-on-
mismatch cell has the greatest logical power’and is therefore,
best suited for performing the various search and processing

operations.

This section presents detailed descriptions of the principal
memory cell configurations under investigation at this time.

In each case, the channel and control conductor patterns are
illustrated, the techniques for performing write, read, erase
and test for match operations described, and the basic charac-
teristics--gspeed, size, power,--specified for the present and
improved designs based on potential advances in the DOT tech-
nology. The method or interconnecting type #1 cells and type
#2 cells to form simple memory arrays concludes the discussion.
A more complete analysis of array organizations for the several

search and processing operations follows in section 5.




L.2 Preliminary Type #1 Cell Design

A first design of an assoclative memory cell based upon the

single cell per bit concept is shown in 25 times actual size

in Figure 27a and schematically in Figure 27b. The structure

1s dincluded in this discussion for the purpose of illustrating

the design improvements, principally in areas of size and
complexity, which have been made in the course of the program.
Since this design progressed no further than the "drawing

board" a detailed analysis of its operation will not be considered.
A brief description of the configuration should, however, be of

interest to the reader.

Referring to Figure 27b we observe that all of the basic DOT
elements--gates, transfers, diodes etc. are contained in the
network, the total count being 15 elements excluding the delay
and storage channel segments. Iive control conductors are
required for the operation of the cell. Three of conductors--

Interrogate 1 (Il), Interrogate O (I.), and Write (W)--are

O
used to activate the punch through elements; one conductor--
Hold (H)--is used to hold the stored bit bf the cell during

a general erase operation and one conductor--Erase (E)-;is used
to partially erase a region of the memory cell during the
controlled erase of a stored bit. The latter operation is des-

cribed in section 4.3 as it is also utilized in the improved

type #1 storage cell.

While no attempts were made to reduce the size of the structure
in Figure 27, the length and width dimensions--.275 inches and
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.060 inches--represent a reasonable solution to the design
problem caused by the three transfer elements T and delay
segments d. A memory array density of 60 bits per square inch
is implied by the above figures. With a delay per bit for
writing, reading, etc. of ~10 psec and word format consisting
of, for example, 100 serially interconnected storage cells,

memory cycle times for search operations would approach 1 msec.

The memory cell designs described next offer significant ad-

vantages in terms of density, speed and power.

4.3 Improved Type #1 Basic Memory Cell

4.3.1 General Description

A second output-on-match memory cell is deplcted in Figure 28.
This design represents the result of an effort to improve the
preliminary configuration and is one of the two principal cell
structures considered in the mechanization of the various
search and processing operations described in later sections.
In addition to requiring one less control conductor, the
design in Figure 28 makes use of a two-input inhibit gate and
eliminates two of the inhibit gates, a delay and one of the
space-consuming film-film transfer elements of the previous
storage network (see Figure 27). This has led to a significant
reduction in the size of the memory cell to .190 inches by
.0l5 inches. An array density of ~120 bits per square inch

is obtained with a delay per bit of ~& psec.  The eventual

=y

abrication of both megnetic layers and control conductors
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upon a single substrate and the use of punch-through transfer
elements will make possible a further reduction in these
dimengions and a 4 usec delay per bit. These improvements

will be described at the end of this section.

The memory cell under consideration i1s redrawn in Figure 29
along with the timing diagram of the required drive and control
fields. Pertinent logic elements and channel segments have
been numbered to assist the reader in following the detailed

description of the cell operations.

I} ,3.2 Cell Operations

Write To perform a write operation, a domain of reversed
magnetization must be present in the word channel (see Figure
29) which interconnects all bits of a memory word. This
domain may be introduced during a word select or "on match"
operation. To write a 1 into the cell then, a general drive

field is applied and interrogate lines Il and I _ are energized.

0
This has the effect of "activating' punch-through elements
numbered 1 and 2 (see Figure 29a), thereby permitting a domain
tip to propagate from the word channel to the storage channel

S via channel 3 and diode 4. A general erase field occurs next
coincident with a holding field which is only effective at S
due to a specially-shaped hold line. This erases (resets)

the magnetization in all of the channels "switched" by domain

tip propagation except S wherein a domain of reversed magneti-

zation is now stored. To write a O, neither Il nor IO are
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pulsed during the above cycle and the cell remains completely

erased.

The pulse sequence for the Write operation is depicted in the
timing diagram of Figure 29b. To minimize the power consumed
in this and other operations when possible, the interrogate
pulses I1 and IO are of a short duration in comparison to the
general drive field and, therefore, must be delayed with
respect to onset of the latter to insure that a domain tip
propagating in the word channel has reached punch-through
element 1 of the cell. More critical timing is required if the
minimum pulse width to operate a punch-through element 1is
utilized since I, and IO are physically displaced in the

1

memory cell.

Read In the memory cell depicted in Figure 29a, channel 6 is
designated as the readout channel. To obtain a readout of the
information stored in channel S, punch-through element 1 must
contain a domain via the word channel as in the case of write
operation. With the general drive field applied, Il is pulsed,
causing punch through of a domain tip into channel 3. If no
domain is stored in channel S, i.e., the cell is in the 0 state,
the tip in channel 3 propagates through the main channel of
gate 7 and fanout 8 to the readout station. An output during
a read operation thus represents a binary 0. If, on the other
hand, a domain 1s present in channel S, i.e., the cell is in
the 1 state, a tip will propagate from S through diode 5 to

gate 7 and inhibit the other tip propagating from channel 3,
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thereby preventing a readout. The absence of a readout signal,
therefore, Ilmplies that a 1 1s stored in the cell. A general
erase and hold operation, which preserves a stored domain if
initially present, occurs next completing the read cycle.

In this manner, readout is nondestructive.

The tining diagram (Figure 29b) illustrates the pulse seguence
required to perform this read function. It is important that

that I, pulse occur after the general drive Tield is energized

1
in order to prevent a race condition at gate 7 involving

domain tips originating in the word and storage channels.

Erase The technique used to perform an erase operation in

this and other associative memory cells is described as "tip
shuttling." Basically, what occurs is as follows. A local
erase conductor is pulsed following entry of a control tip into
a storage cell. This has the effect of partially erasing

the stored information to the extent that upon termination

of the erase pulse, the stored information is prevented from
returning to the storage channel by the action of the control
tip in an inhibit gate. The sequence 1s i1llustrated in Figure
30. In part a, two cells are shown during the time the local
erase conductor is energized, one in which a stored bit is to
be erased by mesns of a control tip, the other in which a stored
bit is to be retained since no control tip is introduced. When
the erase pulse 1s terminated, the situation in part b of Figure
30 results. The tip in the left storage channel 1s inhibited

by the control tip snd the right storage channel 1s completely
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switched by domain tip propagation. A subsequent general
erase and hold operation will cause complete erasure on the
left and leave a domain of reversed magnetization at S on the

right.

The local erase conductor for the memory cell is shown in
Figure 29a. Except for a short segment of channel 6 designated
as the shuttle level in the figure, the conductor encompasses
the entire channel structure. The control tip required in the
erase operation originates in the word channel and enters the
memory cell and erase gate 7 via fanout 9. The complete se-
quence of events in this operation is as follows. A general
drive field is applied propagating a control domain tip
(resulting from a word select or on-match operation) through

the entire word channel. At that time, I. 1s energized.

0
Agssuming that the cell contains a stored bit, the latter

causes an output from punch-through element 11 which, under

the influesnce of the general drive field, propagates through
diode 5 and fanout 8 into channel 6. The 1Qcal erase conductor
is then pulsed, erasing the entire cell up to the shuttle

level where tips remain in the word channel and channel 6.

When this pulse terminates (general drive field still applied),
the aforementioned ddmain tips propagate back into the cell
via fanouts 8 and 9. Since the propagation delay from the
shuttle level to gate 7 through fanout 9 is less than the

delay from the shuttle level to the main channel of 7 via

fanout 8, the control tip will arrive at 7 in time to inhibit
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propagation from channel 6 to punch-through element 2. 1In
order to prevent erasure in the memory cells of other words
crossed by the same local erase conductor, i.e., of the same
bit slice, IO is energized for the second time in the cycle.
This enables the information (domains) in those cells to be
rewritten into the storage channels by way of punch-through
element 2 and diode 4. This is not the situation in the
cell being erased since no domain is present at 2 when IO
is pulsed due to the inhibit at gate 7. A general erase and
hold operation follows, and the cell in question is completely
erased. All other memory cells of that bit slice retain their

original information. The pulse sequence for this operation

is reviewed in the timing diliagram.

Test for Match (Equality) A type #1 memory cell, as previously

described, produces an output when a match exists between the
stored bit Xi and the corresponding bit of a search word Si‘

In the cell design depicted in Figure 29a (and in the other
memory cell configurations to be discussed), the test for match
is performed, for the most part, by energizing interrogate

line Iy when S; = 1 or line I_. when Si = 0. The Boolean function

0
which describes the output of the ith cell during a test for

match operation is given by

where T and Ti are tips whilch enter and exist in,
in out

413




respectively, the input and output segments of the word channel

depicted in Figure 29a. The input tip Ti. will hereafter be

referred to as the "test' tip and the outgﬁt tip Ti as the
out

cell output.

Referring to equation (8), it is seen that the first term

represents the conditions which must be satisfied to obtain

an output on a test for match 1 while the second describes

the conditions for an output on a test for match 0. In each

case, then, the cell must function as a three-input AND gate.

The manner in which these tests for match are performed is

as follows:

Match 1 - To test for match 1, a test tip is introduced into
the word channel under the influence of a general drive field
and interrogate line Il is energized. When the tip reaches
element 1, a second tip is punched through into channel 3 and
propagates to the main channel of gate 7 as the test tip
continues in the word channel toward flanout 9. If the cell
contains a stored bit (Xi = 1) in channel S, i.e., a match
condition exists, at this point in the cycle a domain would

be present in gate 7 via diode 5 to inhibit propagation of the
above second tip to gate 10 via fanout 8. As a result, inhibit
gate 10 remains unswitched and the test tip proceeds through
fanout 9 and the main channel of gate 10. A cell output then

occurs indicating that the conditions for a match 1 have been

caticsfied.
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If the cell was in the O state (Xi = 0), i.e., no domain was
present in channel S at the beginning of the match operation,
inhibit gate 7 would remain unswitched during the above se-
quence of events. In this case, the "second" tip punched
through element 1 into channel 3 would propagate uninhibited
through the main channel of gate 7 through fanout 8 to gate
10. Bince the propagation delay between elements 1 and 10
via the word channel is greater than the delay via channel 3
and fanout 8, the "second” tip arrives at inhibit gate 10 before
the test tip and inhibits the latter. Thus, no output occurs
in agreement with the mismatch condition. A general erase and

hold completes the cycle and the stored information is retained

for subsequent search or processing operations.

In summary, the test for match 1 is basically a self-inhibit
operation with the test tip being "split" into two paths by
the interrogate line Il. If the cell is in the 1 state, the
stored tip prevents the self-inhibit and an output results.
If the cell i1s 1n the O state, the self-inhibit on the test

tip takes place and no output results.

The required sequence of drive, control and erase-hold fields
for this match operation is presented in the timing diagram.
With reference to the timing of the Il pulse, 1t mast be em-
phagized that Il mist be energized at the time the test tip
reaches punch-through element 1. If a pulse of short duration

is utilized to conserve power, accurate velocity technigues
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must be developed to fix the position of a tip in a word
channel at any time during the general drive operation. At
this time, the more conservative approach of wider Il pulses

is advisable to insure proper operation of the cell.

Match O - The test for match O is less complex than the test

for match 1 described previously in that only one inhibit gate

(gate 10) is required to realize the function Ty =Ty > I X
out in i

To perform this operation, a test tip, Ti. is propagated in

the word channel and interrogate line IO 32 energized. If the

cell contaips a stored Dbit (Xi = 1), a tip is punched through

element 11 and propagates to gate 10 via diode 12. The test

tip is then inhibited at 10 and no cell output occurs. If,

however, a match condition exists (X, = 0), no tip is present

i
at 11 when I, is pulsed. Gate 10 remains unswitched and test
tip Ti, propagates through the main channel of the gate,
producigg a cell output Ti

out
The cycle ends in the usual manner with a general erase and
hold sequence to preserve the original state of the cell. This
is illustrated in Figure 29b. It 1s to be noted that the test
for match O is the only operation in which an interrogate pulse

may terminate before a test of control tip in the word channel

reaches the memory cell.

An additional comment is in order concerning the timing of
interrogate pulses as illustrated in Figure 29b. The power

consumed during the various cell operations depends upon the
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number of control conductors energized and the duration of
the current pulses. In the type #1 memory cell, all oper-
ations are performed by means of a test tip. In most cases,
one or both of the interrogate pulses must coincide with the
presence of this tip at the cell. The method of interconnecting
cells to form a word, described in the next section, implies
that the test tip will not be present at all bits of a word
simultaneously. Thus, in order to minimize power by utilizing
interrogate pulses of minimum duration herein denoted by
TI B special consideration must be given to the timing

min
sequence.
In the write operation, the interrogate conductors may be
energized at any time after the test tip has propagated past
the cell. This delay 1is necessary to prevent a self inhibit
in the word channel. To avold special sequencing of each bit

slice, the appropriate IO and I, lines would be energized

1
simultaneously at the end of the general drive cycle (see
Figure 2@9b) after the test tip has propagated through the
entire word. In this manner, TI _ can be utilized and
power minimized. The restrictiogénon the Il. pulses in the

i
read operation also arise from the fact that a test tip must

enter each memory cell. Thus, a timing sequence similar to

the write cycle is utilized.

To perform the local erase with IO pulses of dﬂurationfﬂI 5
i min

these pulses are delayed until the entire word channel 1g
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switched by the test tip. I5 iInterrogate lines are then
i
energized simultaneously in the sequence shown in Figure 29Db.

The local erase 1s pulsed accordingly.

The situation is not the same for the test for match 1
operation. 1In this case, I, must be "on" when the test tip
reaches cell Xi‘ Two modes gf operation are then possible.
One requires that the location of the test tip in the word
channel during the general drive cycle be determinable.

Each Il_ driver would then be energized at the appropriate
time fo; the minimum duration, ¥y _, and the test for match
1 performed. The specilal sequeno?;g of drivers requires
additional electronics. A more suitable approach would be
to energize all Ili conductors at the beginning of the general
drive cycle and terminate each when the cycle 1s complete.

Maximum power is consumed in this manner, but the operation is

easier to implement.

The test for match O sequence requires only that the IO line

be energized before the test tip reaches the cell. Thus, ﬁ}
min
can be utilized (see Figure 29b).

4.3.3 Memory Array

In order to simplify the illustrations of memory cells and arrays
in the remaining sections of this report, the configuration

shown in Figure 31 will be adopted as the standard schematic
representation of a type #1 associative memory cell. Referring

to the figure, it 1s noted that a diode 1s contained in the
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input channel of the cell, although this is not the case in
the actual cell (refer to Figure 28). The diode is intended
to illustrate the fact that the cell contents Xi cannot be

read out into the word channel.

The basic method of interconnecting these memory cells to
form an array is schematically depicted in Figure 32. Word
slices run vertically and bit slices horizontally in the
figure. It is seen that a word channel interconnects all
bits of a word in a serial manner. Thus, the outputs from
all cells during test for match operations are effectively
ANDed together in the word channel. The additional cells and
logic configurations required for search and processing op-
erations are not shown at this time. More complete arrays

for these purposes will be presented in section 5.

An experimental evaluation of the type #1 memory cell was
performed using a simple two-word, two-bits-per-word array.
The DOT film structure was fabricated by means of the super-
imposed film technique (see section 6.2) and the conductor pat-
tern prepared in the usual manner using printed circuit tech-
niques. Figure 33 represents a composite of the channel and
conductor patterns for this array at five times actual size.
Six readout channel configurations, four for the stored bits
and two for the words, are located at the lower portion of
the network to facilitate electronic sensing of outputs by
means of inductive pickup loops. The hold conductors are
specially shaped to prevent storage of information in the

word channels. .20
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Figure 33 Composite of channel and conductor configurations a 35X
of experimental memory array - ype #1 cells
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Tnitial testing was performed using the Kerr Magneto-optic
effect and the standard DOT pulse-generating equipment.
Control conductors located under the film element (see Figure
33) were energized in the appropriate sequence to produce the
localized diode punch-through fields. These, in addition to
a uniform drive field, enabled the write, store, read, test
for match 1 and test for match O operations to be performed.
Typical readout signals obtained during the test for match
operations are presented in the photographs of Figure 34. In
this case, the pickup loop was positioned as shown in Filgure
33 in érder to distinguish between the word 1 and bit 2 (of
word 1) outputs which occur during the same general drive
cycle. The large and small bipolar signals in the upper
trace of the photographs thus correspond to the word and bit
outputs respectively. The lower trace displays the current
in the Iy or I, interrogate line, depending upon the test for

match being performed.

To begin with, Figure 34a shows the word channel output when

a test tip, nucleated at the top of word 1, is propagated
through bits 1 and 2 without energizing any of the interrogate
lines. This is equivalent to a "don't care" or masked condition
in the two memory cells. The output during a test for match 1
performed on bit slice 2 with a 1 stored in memory cell 2

is illustrated in Figure 34b. The photograph shows the I
interrogate line being energized for 3 psec and the domain

tip readout signal signifying a match condition. No output
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Figure 34 Readout signals from experimental array in
Figure 33 - {see text).
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from bit 2 1sg obtained in the memory cell readout channel
since I, 1s not pulsed and an inhibit takes place at the
two~input gate. When a test for match O is carried out on
bit slice 2 with a 1 stored in cell 2 of word 1, no word
channel output results as ghown in Figure 3lUc, due to the
mismatch conduction. A bit output is obtained since IO is

pulsed.

The tests for match 1 and O performed when a O is stored produce
the output signals presented in Figure 34d and 34c respectively.
In the former operation, the mismatch produces no word out.
However, a tip readout is observed in the cell output channel.
This appears as a result of uninhibited tip propagation from

the punch-through element at the input of cell 2 through the
main ~hannel of the two-way inhibit gate into the readout
channel. Finally, the test for match O produces the match
signal shown in the last figure. No cell output appears since
no information enters the cell during this operation and the

network was initially erased.

The electrical readout technigue was also utilized to deter-
mine the delay per bit for match operations which was found
to be 10-15 psec, depending upon the magnitude of the uniform

drive field.

L.3.4 Improvements

The DOT punch-through transfer logic element was described in

section 2.2. This channel structure, no larger than the diode

ol




itself, can be employed in the type #1 memory cell to perform
the film-Tfilm transfer function thereby eliminating the need
for the sgpace-consuming film-film transfer elements presently

utilized.

Figures 35a and 35b schematically depict the memory cell under
consideration and the modified design employing the punch-
through transfers in place of elements 1, 2, and 11. It can

be seen that the elimination of Tl and T2 in this manner re-
quires a change in the channel configuration contained in the
individual magnetic layers, although the overall network
remains the same. Removal of Tg, in particular, makes possible
a .020 inch reduction in cell size, while the absence of Tl

simplifies the problem of achieving adequate propagation delay

in the word channel for the test for match 1 operation.

The film-conductor separation which exists in a DOT super-
imposed film memory-logic device must be considered in the
design of the channel configuration for the device. For
example, adjacent, independently-controlled, punch-through
elements designated as A and B must be adequately separated
on the film plane in order that the fringing fields from the
control conductor for element A do not affect the operation of
element B. Another problem results when it is required to
hold information in one of two neighboring channels crossed
by the same hold line. In this case, the hold line must be
specially shaped to reduce the fields in the appropriate

channel.
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Figure 35

OVERICE
AMISIMATCH
CONFIGCURART )ON b

Schematic representation of type #1 memory cell
(a) and modified design employing punch-through
transfer elements (b).
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These factors have been taken into consideration in the design
of the type #1 memory cell shown in Figure 28a. In this net-
work, punch-through elements 1 and 2 (refer to Figure 29a)

are spaced .020 inches from diode 4 in order to reduce the

fringing fields from interrogate lines 1. or IO at the diode.

1
In determining a suitable separation, use wag made of the
calculated distributions of fields in planes above a current
carrying flat conductor which are presented in Figure 36. The

film-conductor spacing parameter S is then approximately equal

to the thickness of a film substrate which is about .010 inches.

A multilayer structure in which both magnetic layers and control
conductors were fabricated on a single substrate would solve

the problem of fringing fields. In this case, S would be
approximately .0002 inch (the thickness of an insulating layer
required between magnetic film and conductors) and the field
from a control conductor would be concentrated above the
conductor (refer to Figure 36, S = .2 mils). Under these
conditions, the spacing between the punch-through elements

and diode 4 in the memory cell could be reduced to ~.005 inches,

thereby reducing the overall length of the cell Dby .030 inches.

The use of a multilayer structure would also simplify the hold
conductor design since the field above the conductor would
then be inversely proportional to its width. An additional
025 iInches reduction in cell length could be achieved in

this manner.
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Combining the improvements possible with punch-through transfer
elements and those Jjust described, a net cell length reduction
of .075 inches is obtained. The final dimensions would then
be .120 inches x .0OU45 inches, which yields an array density

of 185 bits per square inch. A delay per bit of 4 psec is

attaniable under these circumstances.

One final point is made concerning the configuration in Figure
35p. It dis seen that an additional punch-through element

and associated control conductor may be incorporated in the
cell design. The purpose of this modification is to obtain

an "override mismatch' capability. Then in the operation

of the cell, an output 1s possible on a mismatch if Ip is
pulsed. This facility is useful for the proximity search to

be described in section 5.

A discussion of the type #2 DOT associative memory cell is

presented next.

4.4 Type #2 Basic Memory Cell

4.4.1 General Description

The type #2 output-on-mismatch DOT memory cell structure
presently under investigation i1s shown at 25 times actual
size and schematically in Figure 37. This cell design 1s
unigue in that no film-film transfer elements are required
in the channel configuration. An additional Teature 1s the

"1 generator" depicted in Figure 37b. A 1 generator is a
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channel segment which behaveg as a source of domains of
reversed magnetization as a result of the stray fields as-
sociated with an intentially-created discontinuity in the

low coercivity magnetization. This discontinuity is obtained
by selectively photo-etching a hole through the magnetic
layer within the channel. The wiring pattern for the cell
consists of two interrogate lines, I1 and IO, an erase con-

ductor and the usual hold conductor.

The channel and control conductor designs shown in Figure 37a
are based upon a superimposed-film implementation of the memory
cell. Due to the significant film-conductor spacing which
characterizes this type of multilayer structure, special
attention must be given to the placement of punch-through
elements and interrogate lines and the shape of the hold

line as previously described in section 4.3, "Improvements."
This leads to a cell which is larger in size than the component
logic elements would imply. In the design of Figure 37, the
length x width dimensions are .160 inches x .050 inches,
yeilding a memory array density of 125 bits per square inch.
Since no narrow channel delays are located in the mismatch
output channels (refer to Figure 37b), the delay per cell can
be minimized to/vA/;sec. This compares quite favorably with
the 8 p-Sec per cell figure for the type #1 cell illustrated

in Figure 28. The use of improved multilayer fabrication
techniques will make possible a redesign of the type #2 cell

of Figure 37 and a reduction in the delay factor to ~2.5 psec.
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The "Improvements' portion of this section contalns a discussion
of this and other pertinent subjects concerning the potential

characteristics of this cell deslign.

A detailed description of the operation of the type #2 memory
cell is presented next. It is suggested that the reader

refer to Figures 38a and 38b which contain a specially-numbered
version of the network schematic and a timing diagram for the

various cell operations.

L.4.,2 Cell Operations

Write In the write operation, a domain tip 1is propagated in
the mismatch O output channel by means of a general drive
field. If a 1 is to be written into the initially erased cell,
interrogate line I, i1s energized when that tip reaches or passes
punch-through element 1. This introduces a second tip into
channel 2 which continues to channel S via element 10. A
general erase and hold cycle occurs next, and a domain of
reversed magnetization is stored in channel S as all other
channels are erased. Since the binary O storage state is
represented by a completely erased memory cell, I, is not
energized in the above sequence when a O is to be written.

The erase-hold operation is still required in order to erase
the mismatch O output channel and preserve the 1l's written

into other memory cells. Figure 38b depicts the timing of the

pulses required in the write operation.
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Read Referrving to Figure 38a, it is seen that channel 6 is

designated as the readout channel. The x's on elther side

of 6 represent the pcssible location of electrodes for a
magnetoresistance readout element 1f this technique is employed.
To perform the read operation, then, a general drive field is
applied and a tip introduced and propagated in the mismatch 1
output channel. This tip will énter the cell via fanout 5
and continue to the readout location. If, at the beginning
of the cycle, the cell contained a stored bit in S(Xi = 1),
then at this time gate 4 will be switched by a tip propagating
from S via channel 3. An inhibit operation will take place
at gate 4 and no output obtained. If the cell were in the

O state when the read operation began, gate 4 will remain
erased during the cycle, and a readout obtailned. Thus, the
presence (absence) of a domain of reversed magnetization in
channel 6 indicates a O (1) is stored in the memory cell.
Channel 6 cannot be erronecusly switched by a tip from the

"1 generator" since punch-through element 9 is not activated
during this sequence of events. The read cycle is completed
in the usual manner by a general erase and hold as shown in
the timing diagram. This retalns the original information
(if any) stored in channel S as the other channels are erased

in preparation for subseguent operations.

Erase The tip shuttling technique described in conjunction
with the improved type #1 memory cell is also employed in

performing a local erase in this cell design. Figure 38a

L34




depicts the shuttle level which coincides with the lower edge
of the local erase conductor. The operation takes place as
follows. A control tip is propagated in the mismatch 1 output
channel by means of a general drive field as the stored domain
to be erased grows through channel 3 to gate L. When the
control tip reaches or passes the shuttle level, the local
erase conductor is pulsed erasing the contents of the cell

and the mismatch 1 output channel up to the shuttle level.
Upon termination of the local erase pulse the control and
information tips propagate toward gate 8, the former via fanout
7, the latter via channel 3. With the propagation delays
properly adjusted, the control tip will reach gate 8 first

and inhibit propagation back into the storage channel S. If
no control tip is present, the information tip propagates
through the main channel of gate 8 into S to be retained
during the subsequent general erase-hold cycle. Since the
control tip is present in this case, the general erase and
hold completely erases the memory cell including the mismatch

1 output channel.

The pulse sequence for the local erase is presented in Figure
38b. It is important to note that interrogate line Il is

only energized one time during the cycle. In comparison, the
type #1 cell utilizes two Il pulses to perform the same operation
(refer to Figure 29b). The write and read sequences for the

type #2 cell just described also require fewer control pulses.
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Test for Match (Equality) A type #2 memory cell as defined in

section 4.1 is one which produces an output on a test for
match when a mismatch occurs between the stored and search
bits. In the cell design under consideration, separate channels
are required to collect the mismatch 1 and mismatch O outputs,
T.l and T, . The latter are related to the

out mm 1 Tout mm O
stored bit X5 and the search bit Si’ represented by a current

in Iy if Si = 1 or in Iy if Si = 0, by the following Boolean

functions:

T, =I1s X,, Ty =1 ° X, (9)

That no test tip is required in the test for match operation
is apparent from equation (9). As a result of this important
feature of the type #2 memory cell, the timing of control

pulses I5 and Iy 1s not critical and the minimum pulse width

can be utilized.

Match 1 In the match 1 operation, a cell output is required
when the stored bit X5 = 0, i.e., channel S is erased. It
is for this reason that the "1 generator'" (see Figure 38a)
is dincorporated in the memory cell. To test for match 1,
the general drive field is applied and, after a short delay,
Il is pulsed activating punch-through element 9. Since a
domain of reversed magnetization 1s present in 9 from the 1

generator, the punch through operation produces a tip in

channel 6 which propagates toward fanout 5. If the cell
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contained a stored bit {Xi = 1), gate U is, at this time,
switched as a result of the tip which propagated from channel
S via channel 3 before Il was energized. Thus, an inhibit
will take place at gate 4 and no cell output occurs. If,
however, the cell was initially erased (Xi = 0), a mismatch
condition exists when I; i1s pulsed. Inhibit gate L remains
unswitched, and the tip resulting from the punch-through
element 9 propagates through the main channel of 4 into the
mismatch 1 output channel. A general erase-hold cycle completes

the match 1 operation as illustrated in Figure 38b.

Match O The match O operation does not utilize any inhibit
gates and the interrogate pulse IO need not be delayed with
respect to the general drive field. To perform the match O,
the general drive field is applied and 1, energized activating
punch-through element 10. If Xi = 0, channel S 1is erased and
no output will occur. If Xi = 1, the conditions for a mismatch
are satisfied (equation (9)) and a tip is punched through
element 10 by IO. Under the influence of the general drive
field, this tip then propagates into the.mismatch O output
channel via channel 2. The usual general erase-hold occurs

next and the stored bit is held in channel S.

Reviewing the timing diagrams for the type #1 and type #2 memory
cells presented in Figures 29b and 38b respectively, it is seen
that the write, read, and local erase operations are performed

with fewer control pulses (I, IO) in the type #2 structure.
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Furthermore, no test tip i1s required in the test for match
operations using a type #2 cell. As a result, the minimam
width interrogate pulse may be employed in both the test for
match 1 and match O operations. Thus, on the average, less
power 1is consumed in performing the basic cell operations

with a type #2 DOT memory cell.

4 .13 Memory Array

The simplified schematic representation of a type #2 associative
memory cell is presented in Figure 39. This configuration will
replace the more detailed representation depicted in Figure

37b in the remaining illustrations describing arrays of this
basic storage cell for performing search and processing oper-
ations. In the figure, the channels between the cell and the
mismatch O and 1 output channels are shown as bidirectional
paths. It is recalled that domain tips normally propagate

into and out of the cell in the mismatch O and 1 output channels.

The interconnection of these cells to form the basic array is
" schematically depicted in Figure 40 where the word slices run
vertically and the bit slices horizontally. It is noted that
a mismatch O and mismatch 1 output channel interconnect all
bits of a word in what is effectively a parallel organization.
Thus, the outputs from all cells of a word slice are ORed
together in the two mismatch output channels. In contrast,
the outputs in a word slice of an array of type #1 memory

cells are ANDed in the word channel.

4-38




TS[190 7# adAy Jo Seaae Alowow sATIRIDOSS® o1S®Y

emen  we e

g —_— —

w oYom — — —

‘2

e gaom

0% 2an314
\
y
Ve
I
|
|
g L~
L~
2 V] ﬁ
o FIHT?S YoM
s\ \ e
TS L/
» /7S LIS
/ aXom

1190 Axowow 74 adAy jo
uoneIussaxdar >urwoayds poyrduwig

x ovom 1 L/9

6¢ 2andiyg

-39



A esmall 2 x 2 array of type #2 storage cells was prepared for
evaluation. TFigure 41 shows, at five times actual size, a
composite of the channel and conductor patterns for this array.
The network contains only two readout configurations, each
representing the ORed outputs from the mismatch 1 and 0O output
channels of a word. While complete testing of the structure

was performed, proper operation of the 1 generators was verified.
Based upon the successful performance of the type #1 cells in
the first array evaluated (refer to section 4.3.3), no technical
problems are expected in the operation of the configuration of

Figure 41.

h.4.4 Improvements

several improvements are possible in the design of the type #2
memory cell shown in Figure 37a. To begin with, use of a
multilayer structure would permit a reduction in the separation
between the hold and IO interrogate lines (refer to section
h.3.4) from .0L0 to .010 inches. The channel structure could
be compressed an additional .030 inches in the length dimension
and .010 inches in the width dimension to produce a final cell
size of .090 inches x .04O inches. This implies a potential
array density of 275 bits per square inch. The delay per bit

would then be approximately 2.5/usec.

A design change is also required to obtain a more sultable read-
out channel. The schematic representation of the basic type #2

cell is presented again in Figure 42a. It can be noted that
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the read channel 1s not readily accessible by sensgse lines.

By shifting the position of the 1 generator and adding a
fanout element in channel 6, the improved configuration shown
in part b of Figure 42 is obtained. More optimum positioning

of readout element electrodes is now possible in this case.

A summary and evaluation of the type #1 and #2 DOT memory cells

is presented next.

4.5 Summary of Improved Type #1 and Basic Type #2 Cells

The following tables are presented as a brief summary of the DOT
associative memory cells investigated. It is evident that the
type #2 cell is superior to the type #1 configuration on the
basis of the factors considered.

Cell Characteristics

Cell Control
Type Size Array Density Delay Conductors
#1 120" x .045”2 185 Bits/in® 4 psec | Interrogate 1=I7

Interrogate O=I
Local Erase - E

#2 .090" x .oko" | 275 Bits/in2 2.5 psec | Same as Above

Cell Operations

Test For Test For

erte Read Local Erase Match l Match 0
#1 |8, Test | H, Test H, Test H, Test ‘ H, Test
tlp Il, IO; tlp Il tip Ig, E | tip I3 | tip I
#o|H, Test  H, Test | H, Test bH, I | u, 1
i ? | 1 ‘ 3 @)
i tlp IO : tlp tip B | :

Word Slice Outputs (N cells-X;), Mj=Match in 1" Type #1 Cell

#1 | Test Tip M M, --- My logwcal AND in word channel
1ttt M e
# X1+X2 ——— Xy - (Loglcal OR in mlsmatch 0O output channel)
| XytX, =-- Xy - (Logical OR in mismatch 1 output channel)
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.6 Final Memory Cell Design

4.6.1 Introduction

Of the two basic cell types considered in the preceding sec-
tions (type #1 output-on-match, type #2 output-on-mismatch),
the type #2 memory-logic structure was found to be superior

on the basis of array density, delay per bit and simplicity

of performing cell operations. In addition, an array of type
#2 cells is most suitable for performing the search and pro-
cessing operations described in sections 5.1 - 5.3 and sum-
marized in section 5.5. As a result, improvements in the
existing type #2 DOT memory cell shown in figure 37 were
sought. It is recalled that an optimum layout of the inhibit
gates, punch-through elements, etc., in the latter would result
in a minimum cell size of .090 inches (length) by .040 inches
(width). While these dimensions represent a considerable size
reduction from earlier structures, smaller configurations are

possible.

A criterion was established to determine whether - a particular
cell design drawn schematically is smaller and hence optimum
in comparison to another before the channel pattern photo
mask 1is assembled. It is as follows: The network with the
lowest number of "logic levels" is considered optimum. A
"logic level" consists of one or more DOT elements, a storage
channel, a 1 generator, etc., along a line perpendicular to

the film easy axis. As an example, consider the memory cell
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of figure 37 redrawn in figure 43. This structure is charac-
terized by the following six logic levels: 1) storage channel S,
3) gate G

2) punch-through elements P, and P 4) punch-

1 27 1’
through elements P3 and P, 5) gate G and 6) fanout F. Assuming
an average logic level length (parallel to the easy axis) of
.015 inches, the above six "level" cell would be approximately

.090 inches in length.

It is believed that number and type of elements contained in
the configuration of figure 43 will be required in any DOT
associative memory cell which possesses the logical power

for performing all of the search and processing operations
described in section 5. Thus, a reduction in the number of
memory cell logic levels from six would most likely be achieved
by repositioning the "basis elements” in the aforementioned
design. Furthermore, considering the fact that three logic
levels are required for the interrogate 1, interrogate 0 and
hold lines and another level for an inhibit gate or gates,

a cell contalning four logic levels would appear to be optimum.

4.6.2 General Description

An improved type #2 memory cell was designed during the second
half of the program. The network drawn schematically in figure
L4 consists of only four logic levels. The latter was made

possible by positioning G, and G2 on a single level and F and S

1
on a single level (compare figures 43 and U4). It is seen

that the local erase conductor which must encompass four
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levels in the original type #2 cell crosses only two levels
in the new design. In this case, the local erase field can
be generated with approximately one-half of the current nor-

mally required for the cell of figure U43.

The final type #2 output-on-mismatch memory cell is shown at

25 times actual size and schematically in figure 45. It is

to be noted that the fanout element F in figure 44 has been
replaced by a punch-through element intersected by the 1o
control conductor and circled in figure 45h, This modification
makes 1t possible to readout the contents of a word in paréllel
even though a test tip is required (see section 4.6.3 Cell
Operations), a feature not available in the original type #2
cell design (see figure 38). As in the previously discussed
cell configurations, the channel pattern of figure 45a is

based upon a superimposed-film implementation of the memory
cell and is, therefore, larger in size than the component logic
elements would imply. The 1X dimensions of the cell shown

are .120 inches (length) by .050 inches (width) which gives

an array density of 166 bits per square inéh. The delay per
bit as determined by the cell length is ~3 psec.  The use of

a multilayer film structure would lead to a considerable re-
duction in the cell size and delay factor in the manner dis-
cussed in section 4.U.4 for the original type #2 cell. It isg
predicted that an ultimate cell size of .070 inches x .04O
inches is feasible. This implies a potential array density

of 360 bits per square inch and delay per bit of ~1.5 B
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It is recalled that the density and delay figures for the original

type #2 cell are 275 bits per sqguare inch and 2.5 psec respectively.

A description of the operation of the final type #2 cell follows.
The numbered network schematic and timing diagram are presented
in figures 46a and 46b to assist the reader in the discussion

of the basic cell operations.

4.6.3 Cell Operations

Write To perform a write operation, a domain tip is propa-

Zatel in the misnaten O output channel by mezans OF a general
drive field. If a 1 is to be written into the initially

erased cell, interrogate line Il is energized when the control
tip reaches or passes punch-through element 1. This produces

a second tip which propagates to channel S via element 2. A
general erase and hold cycle occurs next and a domain of reversed
magnetization is stored in channel S as all other channels are
erased. If a O is to be written into the initially erased

memory cell, I. is not energized since this initial state

1
represents a binary 0. The erase-~hold operation is still
required in the latter case in order to erase the mismatch

O output channel and preserve the 1's written into other
memory cells. Figure 46b depicts the timing of the pulses
required for the write operation. It is seen that Il is pulsed
near the end of the general drive pulse to insure that the

test tip has propagated to the last bit slice along the word

channel,
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Read The memory cell readout channels are designated by the

8 in figure 46a. To obtain a readout, a test tip is intro-
duced into the mismatch 1 output channel and propagated under
the influence of the general drive field. At a specified time,

the interrogate line I is pulsed and a "second tip" enters

0
the cell via punch-through element 5. If at the beginning of
the cycle, the cell contained a stored bit <Xi = 1) in S, then
at this time gate 4 will be switched by a tip propagating

from S via fanout 3. As a result, the aforementioned "second
tip" propagating towards gate 4 via channel 6 will be inhibited
and no output in channel 8 obtained. If the cell were in the

O state when the read operation began, gate U4 would remain
unswitched during the cycle and the "second tip" entering the
cell at 5 would propagate through channel 6, gate 4, fanout 7
and into the readout channels designated 8. Thus a readout
indicates the cell is in the O state and no readout implies

a 1 is stored therein. The 1 generator shown in figure 4b6a

is isolated from the readout channels by punch-through element
11 since Il is not energized during this cycle. The cycle is
completed by a general erase and hold as shown in the timing
diagram. This retains the original information (if any)

stored in S as the other channels are reset.

Erase A local erase operation takes place in a manner similar
to that described for the original type #2 memory cell. The
tip shuttling technique is again employed with the shuttle

level indicated in figure 46a. A control tip is propagated
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in the micsmatch O output channel by a general drive field

and IO energized when this tip reaches punch-through transfer
element 9. This produces a second tip in the channel leading
to gate 10. At this point, the local erase conductor is pulsed
erasing the contents of the cell up to the shuttle level. If
the cell was 1in the 1 state, a domain of reversed magneti-
zation is now located between fanout 3 and punch-through element
2 as well as at the shuttle level in the channel segment
connecting elements 9 and 10. When the local erase pulse
terminates, the control and information tips propagate toward
gate 10, the former switching the gate prior to the arrival

of the latter in the gate main channel. The inhibit operation,
made possible by adjusting the propagation delays in two
channels, prevents the information tip from propagating back
into the storage channel S. If no control tip is present, the
information tip will reach S via the main channel of gate 10
and be stored therein during the subsequent general erase-
hold operation. In the prior case, however, no information

is contained in S prior to the general erase-hold cycle. The
latter then completely erases the cell and the mismatch O
output channel. The timing of drive and control pulses for

the local erase is depicted in figure U46D.

Test for Match (Equality) The final type #2 memory cell con-

tains separate channels to collect the mismatch 1 and mismatch

O outputs T, and T, , as in the original design
Tout mml tout mm O
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of figure 38a. These outputs are related to the stored Dbit
Xi and the search bit S5, represented by a current in I] if

S, = 1 or I

i 0 if Si = 0, by the Boolean expressions:

Tiout mm 1 e Xi’ Tiout mm O “tor %
Match 1 The match 1 operation produces an output when the
cell is erased, X, = 0, and Il 1s pulsed. The condition that
there be a domain of reversed magnetization in the memory cell
although channel S is erased is satisfied by the "1 generator"
(see figure 46a) which is isolated by punch-through element
11. In the test for match 1 operation, the general drive field
is energized and Il 15 pulsed. The punch-through element 11
permits a second tip to propagate from the 1 generator to fanout
7 and the mismatch 1 output channel via gate 4, channel 6 and
element 5. If the cell is in the 1 state (X; = 1) gate 4
will be switched by the information contained in S via fanout
3 and inhibit the above "second tip." No output will be
obtained in the mismatch 1 chennel, i.e.% Timm N = 0 signifying
a match has occurred. If, however, the cell was in the O state
(Xi = 0) channel S is erased and gate 4 remains unswitched
during this operation. The "second tip" then propagates unin-
hibited through the main channel of 4 through element 5 pro-
ducing a mismatch 1 output, Ti N = 1. The cycle is completed
by a general erase-hold operat??n as shown in figure 46Db.
Match O To perform the match O operatlion, it 1s necessary only
to readout the contents of the cell. This accomplished by
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energizing IO when the general drive is applied. 1If Xi = 0,
channel S is erased and no output in the mismatch O channel
will occur. If X; = 1, the domain of reversed magnetization
contained in S will propagate through gate 10 and element 2

(activated by IO) and enter the mismatch O channel. Hence,

Ty = 1 indicating a mismatch has taken place. An erase-

mm O .
hold cccurs next and the stored bit is retained in S as all

channels are erased.

A comparison of the timing diagrams for the original and final
type #2 memory cells presented in figures 38b and 46b, shows
the differences for the two channel configurations in the
performance of the write, read and local erase operations.
Firstly, the write function requires that I, be pulsed in the
former case while I 1s energized in the latter. For the read

and local erase operations, neither I  or Il is pulsed in the

0
original design while IO is required for both in the finalized
storage cell. One of the principal advantages of the latter
is that readout is controllable timewise by IO. This simplifies
the strobing of the output signal when indictive readout 1is
employed. In the original cell configuration, the readout
"test tip" entered the cell via a fanout element. The readout
time thus depended upon the position of a cell along the word
(mismatch 1) channel. The pertinent characteristics of the

two type #2 memory cells are summarized in the table which

follows:




SUMMARY OF TYPE #2 MEMORY CELLS

Cell Characteristics
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Cell Control
Type Size Array Density Delay Conductors
Basic | .090" x .040" | 275 Bits/in® | 2.5 wsec ' Interrogate 1=I7
#2 t i Interrogate 0=I,
L : Local Erase - E
Final | .070" x .0L0" | 360 Bits/in® % 1.5 psec | Same as above
# | '
SRR . |
Cell Operations
Test For Test For
Write Read Local Erase Match 1 Match O
O R
Basic | H, Test|H, Test|H, Test tip| H, I H, I,
#o tip Ip |tip E
Final | H, Test H, Test|H, Test tip| H, I H, Ip
#2 tip Iy |tip I, |Ig, E ‘




L.6.4 Experimental Evaluation

The final type #2 memory cell described above was evaluated
experimentally. Fillm samples containing the channel pattern
depicted in figure U45a and several modified configurations were
fabricated using standard substrate processing techniques.

A superimposed film structure was then assambled and the com-
posite placed on a control conductor pattern and open faced,
flat general drive coll in the Kerr magneto-optic test bench for
testing. The control conductor substrate contained multiturn
plated thru inductive pickup loops of the type described in
figure 18 (section 2.3) for direct cell readout in addition

to the basic interrogate and local erase lines. Pulse test
equipment similar to that used in the operation of earlier
memory arrays and word select networks was employed in this

evaluation effort.

The memory cell designs investigated were similar, differing
only in the separation between interrogate 1 and interrogate

O control lines. We recall that the superimposed film structure
results in a large film-conductor spacing énd hence a spreading
of the control fields at the film surface. A minimum conductor
spacing was sought in the experiment in addition to the veri-

fication of the basic cell operations.

The use of the Kerr effect permits observation of domain tip
propagation and interaction in only a single magnetic layer

of the two-layer networks. The portion of the channel pattern
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corresponding to the broken lines in figure 45b was chosen

for observation since this contained the storage channel and
"write" punch-through element. Proper performance of the

write and general erase-hold operations is egssential to the
overall functioning of a memory cell and thus, must be verified

before test for match and readout operations can be considered.

The evaluation of cells produced the following results: Firstly,
the write and general erase-hold operations were performed
satisfactorily in the cells with an interrogate line separation
>.030". Considering only these cells in the remaining tests,
tﬁe tests for match 1 and O were then verified indicating

correct operation of the 1 generators, punch-through elements

11, 2 and gate 4 (see figure 46a). Observation of the tip
readout signal from channels 8 via the multiturn inductive
pickup loops indicated that punch-through element Y was operating
correctly. General drive and interrogate current margins of

+ 20% were obtained for these operations. However, the hold
current could not be varied tobthis extent without resulting

in a loss of stored information or the stérage of domains of
reversed magnetization in the mismatch channels intersected

by this conductor. Although the hold line was speclally shaped
to produce a lower field in the vicinity of these mismatch
channels, the large film-conductor separtion ~.015 inches

causes problems in this respect. A similar problem was ex-
perienced in the local erase operation which requires that cell

erasure to a specified shuttle level be obtained. A small
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reduction in the width of the erase conductor E should elimi-

nate the occurrence of over erasure and loss of stored information.

In summary, the cells tested performed satisfactorily except

for the local erase operation. A small modification in the
position of gate 10 and width of conductor E should solve that
problem. The minimum cell size using a superimposed film struc-
ture appears to be .125 inches x .050 inches. No multilayer

networks were fabricated.
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5. SEARCH AND PROCESSING OPERATIONS

5.1 Introduction

One of the more important features of a DOT associative pro-
cessor is its ability to perform search and processing oper-
ations simultaneously over all words with a minimum of external
logic and storage. This comes as a direct result of (1)

the memory-logic capability of the individual memory cells;

(2) the fact that these cells are magnetically interconnected
in a word structure permitting storage of search results in
another cell without sensing; and (3) the ability to perform
combinational logic within the storage medium as previously

described in Sections 2, 3 and 4.

During the program, algorithms and techniques were developed
for performing the basic search and processing operations nor-
mally required of a general-purpose assoclative processor.

The searches considered are the following: equality, inequality,
maximum (minimum), proximity, and the intersection and union

of searches. Processing operations studied include field
addition, operand addition, summation, counting, shifting,
complementing, logical sum and logical product. In the dis-
cussion which follows, each of these operations is defined

and the technigues for accomplishing them in arrays of type

#1 and type #2 memory cells described. A word length of 100
bits is assﬁmed for the purpose of determining the basic search

time. Methods of processing the results of searches such as

H-1




the resolving of multiple matches, generation of the address
of a match word, and readout of the match words are also dis-
cussed. In each case, a memory size of 1000 words is assumed.
A summary of the times required to perform all operations in
the two arrays under consideration is presented which shows
that an array of DOT type #2 cells is most suitable for con-
structing an associative processor. The section concludes
with a description of a combined logic structure for search

and processing operations.

5.2 Search Operations

5.2.1 Equality Search

The capability of performing an equality search is required
in most, if not all, associative memories for space appli-
cations.3 This search is defined as the operation of finding
all stored words which are equal to a search word in all
unmasked bit positions. To describe this operation logically,
we consider two cases: first, a memory in which the stored

words M, are composed of N type #1 output-on-match memory

1
cells; and second, an array of words M2 composed of N type

#2 output-on-mismatch memory cells. With the search word

denoted by S, and the ith search and stored bits by Si and

X, the Boolean expressions for the equality search are given
i

by:

N
M, =8 if £21 (X8, + X,;8;) =1 (10)




and M, =5 if 5%1 (X;{S”i +X.8.) =0 (11)
wherezEZamd il represent the logical sum and logical product.
While equations (10)and (11) are equivalent, we associate the
former with the type #1 cell and the latter with the type #2
cell for the following reason: The ith terms represent the
output of a cell during a match operation. We recall from
sections 4.3 and 4.4 that in an M, word, the cell outputs are
logically ANDed in the word channel; whereas the cell outputs
in an M, word are logically summed in the mismatch output
channels. Therefore, equation (10), which represents a logical
product or AND (condition for all matches), is most applicable
.to stored words Ml; while the logical sum expression given by
(11) (condition for no mismatches) is most suitable for stored

ords M .
W S 5

Memory Array--Type #1 Cells In a DOT associlative memory array

composed of the type #1 memory-logic cells, the equality search
consists of performing, simultaneously on all words, a series
of test-for-match operations on all unmasked bit slices during
one general drive cycle. The operation can be described as
"211 parallel” since all bits are interrogated simultaneously.
However, the actual tests for match are performed sequentially
in a given word by a test tip which propagates from bit to bit

in the word channel before reaching the match output channel.

Figure 47 schematically depicts the portion of a simplified
memory array pertinent to the equality search operation. In

5-3




WoRD / Word & ==~ WorpD M
7 7 4

S IRACLE L et Lol NL AL L L LAt L L XL L L L

- NUELEATE
TEST JIFS

% ] A
YLl 4

Xy

| %
)/ 3 )/

Ny

£ £ E
CATIIL R SINEN SIS IS IS IS (\///;y 7*’6

FLAG B/ { f f
STOCREE CELL 4! : !

7O WORE AHODKESS
GENERRTAR CONF/GURRT /ON

Figure 47 Memory array of type #1 cells and logic config-
uration pertinent to the equality search operition,




the figure, the word slices run vertically and the bit slices
horizontally. To perform the search, the nucleate line ics
pulsed and test tips are introduced into each word channel
at location T. The first half of the test for match operation
takes place as described in section 4.3 with the appropriate
interrogate lines being pulsed as the test tip propagate down
the word channels. In those words equal to the search word,
i.e., in words which satisfy

N

gzl (Xi° Ili + XiIOi) =1, (12)
fhe test tip propagates uninhibited through the entire word
channel to the output channel. In the other words which
contain one or more mismatches, the fest tip 1s inhibited by
the first cell containing a mismatch, and thus never reaches
the output channel. With general drive field still applied,
control line E is pulsed and the "match" tips are punched
through elements F, into the flag bit memory cells fl. A
general erase and hold occurs next, erasing all channels while
retaining all stored bits Xi and flag bits fl. Thus, at the
end of the equality search, a flag bit i1s stored in each word

satisfying the search.

The minimum functional reguirement of the flag bit memory
cell is that it be possible to propagate the flag bit into
the word channel for an on-match operation. We recall that

the type #1 cell design is not provided with this capability.
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A second reguirement is that the cell contain a readout con-
figuration which makes 1t possible to generate an address for
each word. These features are described in greater detail later

in this section.

The time required to perform the equality search in the manner
described above 1s equal to the propagation delay in the word
channel from T to the output channel and is thus directly
proportional to the number of bits per word of memory. Using
the delay factor of 4 psec per bit for the improved type #1
cell, a memory with a word length of 100 bits would, therefore,
reduire approximately AOOf*sec for an equality search. This
figure can be significantly reduced by modifying the array
design shown in Figure 47. For example, two "nucleate test
tip" lines can be used, one at either end of the array, and the
output channel and flag memory cells shifted to the center

of the words. This would necessitate a 180o rotation of one-
half of the memory cells and the addition of an AND gate per
word at the input to the flag memory cell as shown in Figure
48. Thus, the two halves of the array would be searched in
parallel and the results ANDed on a per-word basis before

a match tip can be written into the flag bit memory cell.

A 50 per cent reduction in search cycle time is possible in

this manner.

The technique of dividing the bits of all words into two seg-

ments can be readily implemented 1f all of the bits of a given
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word are contained in one magnetic film plane. However, if
multiple film planes must be utilized due to the size of the
cells, or if further segmentation 1s desired on a given film
plane, it must then be possible to logically AND the spatially-
separated results of the individual equality searches at the
time they occur if the overall search time is to equal the
segment search time. This could be accomplished by electrical
readout and comparison techniques, but the hardware cost would
be prohibitive, e.g., one sense amplifier per search segment
per word. A more suitable approach would be to use the gal-
vanomagnetic transfer elements described in section 2.3 to
rapidly transfer information (results of individual searches)
across a film plane or between film planes to the DOT AND

gate for final processing. The trade-offs between search time
and system complexity which result as the number of segments
is increased and more transfer elements are employed have

not been investigated.

Memory Array--Type #2 Cells The configurations of type #2

cells and output channels redquired for the equality search
are illustrated schematically in Figure 49. Referring to the
latter, the word slices run vertically and bit slices hori-
zontally. Collect mismatch 1 and O output channels for each
word are ORed by fan-in elements 1. Gates 2, the 1 generators
and the flag bit memory cells fl are used for inverting the

mismatches to obtain the matches and storing these results.

5-8




WORD /

Woro & -=—

e -

l } 1
/'RX ¢ / R \“
-£,
2 >/ 2
g h
% z'v ;
f, f, f,
Figure 49 Memory array of type #2 cells and logic

configuration pertinent to the equality search
operation,

5-9




To perform the equality search, a test-for-match operation

is performed on all bits in parallel by energizing the general
drive field and the appropriate interrogate lines as described
in section 4.4. The words which are equal to the search

word will satisfy

S (X, I, +X.I.,) =0 (13)

2 i701 i~1i
and thus no tips will be present in the collect mismatch output
channels. In the other words which contain one or more mis-
matches, one or both of the mismatch output channels will
contain a domain tip which, under the influence of the general

drive field, propagates to element 1 and into gate 2.

At this point in the cycle, the results of the search must
be inverted and written into the flag bit memory cells. This
operation is accomplished by energizing control lines E; and
E5. In the words which satisfy the search, gate 2 remains
unswitched, and an output tip from the 1 generator is written
into the flag memory cell. In the words_which contained a
mismatch, gate 2 is switched and propagation to the flag cell
is inhibited. Thus, no information is written into the flag
cell. The usual general erase and hold complete the cycle.

A flag bit is then stored in each word, satisfying the search.

The eguality search cycle time is determined, for the most
part, by the time required to propagate a mismatch output tip

through an entire mismatch output channel. With the delay
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per cell being about 2.5 msec (refer to section 4.4), a word
length of 100 bits would imply a cycle time of approximately
250 psec. This figure can be halved by organizing the memory
array to collect mismatches at the center of the word. This
is depilcted in Figure 50. Additional reduction in this search

time can be realized using the techniques described previously.

5.2.2 Inequality Search

The inequality search is defined as the operation of finding
the stored words X Which are greater or less than a search

word S. If we define X, as the most significant bit in which

a
Xi # Si then logically

i
O

X>8 if X, = 1 and S (14)

(15)

a

il
bt

X< S if Xd = 0 and Sd

The operation requires that the mismatch condition in the
most significant bit for which X; # Si be determinable. This
requirement cannot be satisfied with type #1 cells since no
output occurs for a mismatch. The opposite is true in the

case of the type #2 cell.

Memory Array--Type #1 Cells The method of performing the

inequality search in this type of array is based upon an
algorithm applicable to an associative memory with an all-
parallel equality search capability. The algorithm requires
a number of eqguality searches equal to the number of 1's

(0's) in the search word depending on whether a greater-than
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(less-than) search is being performed. No change in the
memory array configuration utilized for the equality search

1s necessary.

The procedure for a greater-than (less-than) search is as
follows:

1. Convert the least significant O (1) of the search
word to a 1 (0).

2. Masking out all bits of lesser significance than
the converted bit, perform an equality search with
test tips in the standard manner. A flag bit is
then stored, satisfying the search word (and remains
therein through subsequent searches). These words
are members of the set which is greater-than (less-
than) the search word.

3. Repeat steps 1 and 2 until all of the O's (1's) in
the search word have been converted. At this point,
all of the words satisfying these searches contain
a flag bit. This is the complete set of words greater-

than (less-than) the search word.

Since the number of 1's or O's in the search word will change
from one inequality search to another, the cycle time for

this operation using the type #1 cells cannot be predicted.

On the average, however, half of the Si's will be 1. Thus, in
a memory with a 100-bit word length, 50 equality searches will
be required, on the average, to perform a single ineguality
search.
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Memory Array--Type #2 Cells The inequality search can be

implemented quite readily using type #2 storage cells since
the output signal (domain tip) not only indicates a mismatch
condition but also identifies the type of mismatch which has
occurred. This ternary output capability (mismatch 1, mis-
match O, no mismatch) greatly simplifies the task of distin-

guishing between greater-than and less-than mismatch conditions.

The procedure for performing the inequality search operation
is based upon the results of an equality search performed on
all bit slices of the memory in parallel. A mismatch in any
bit of any word indicates an inequality which is represented
by the presence of a domain of reversed magnetization in one
or both of the mismatch output channels of a word slice. The
type of inequality, greater-than or less-than, is determined
by identifying the output channel containing the highest
order (most significant) mismatch. In this operation, the
domain tip representing the highest order mismatch is used

to inhibit a lower order mismatch from reaching the inequality

test location and thereby producing a false output.

Figure 51 deplcts the now-familiar array of type #2 memory
cells and the additional channel and control conductor con-
figurations pertinent only to the inequality search operation,
With reference to the figure, gate 1 (2) performs the function
of inhibiting tip propagation to the inequality test location

in the mismatch O (1) output channel when the most significant
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mismatch occurs in the mismatch 1 (0) output channel. Depending
upon the search criterion, i.e., greater-than or less-than
control conductors IG or IL are energized to activate punch-
through elements 3 or 4, enabling a "mismatch" tip to enter

the flag bit memory cell fy for storage.

A typical inequality search takes place as follows: A test

for match (first half of the equality search) is initially
performed on all bit slices of the array in parallel. The
mismatch O (1) output channel will contain a domain if at

least one memory cell tested for a O (1) contains a 1 (O).

If the highest order mismatch occurs in the mismatch O channel,
then X >S; whereas X< S if that output occurs in the mismatch

1 channel. Under the influence of a general drive field, output
tips are propagated to the test locations at the end of a

word nearest the most significant bit. If, for example, X >S5,
the output information will fan out at 5, propagate to gate 2
and inhibit any lower order output tip in the mismatch 1 channel.
The fact that mismatch outputs from the different order bits

are delayed is due to the physical distance between cells.

If is this effect which makes the inhibit and thus separation

of inequalities possible.

With the result of the search now contained in the X> S channel,
the final operation of writing into the flag bit storage cell
takes place by energizing either IG or IL. If a greater-than

search were in effect, the word in question satisfies this

-l
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criterion and a domain of reversed magnetization 1s stored

in the flag cell. If, however, a less-than search were being
performed, no information is written into the flag cell since
no output tip is present in the X< S channel. The cycle

ends with a general erase and hold.

The inequality search can be performed in the same cycle

time as the equality search using the type #2 memory cell.
Recalling the fact that approximately 50 equality searches
are required using the type #1 cell, it is apparent that the
implementation depicted in Figure 51 is the more sultalbe ap-
proach. Furthermore, the techniques which may be utilized to
speed up an equality search (re-organization of the array,
segmentation of bits, etc.) can be applied to the inequality

search.

5.2.3 Maximum (Minimum) Search

The maximum (minimum search is defined as the operation of
finding the stored word which has the largest (smallest)
magnitude. If it unique in that there is a dependency between
words and no search word is required. The search must pro-
ceed in a bit-slice manner from the most significant end and
requires that the output from a given bit slice comparison

be used to operate logically on the succeeding lower-order
bits. The following scheme, based upon a memory array in-
corporating a shifting capability within each word slice, has

been conceived for performing the maximum (minimum) search operation.
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To begin with, the contents of all memory cells are shifted,
in parallel, one bit length per cycle, toward readout channels
located at the most significant end of the words. A sense
line interconnecting all words at that location performs an

OR function of the outputs on a per-bit-slice basis, i.e.,

the sense line detects the presence of one or more 1's (domain
tips) in successively lower-order bit slices as shifting

operations progress.

When the bit slice containing the first 1 or 1's is sensed,

a control line 1s energized. The latter performs the function
of permanently inhibiting subsequent outputs in those words
which do not contain a 1 in that particular bit slice. Each
cycle in which 1 or more 1's are sensed results in a permanent
inhibit (deletion from further consideration) of the words not
containing a 1, but still "active" from the previous cycles.
When no 1's occur, no inhibits result, and the active words
remain active. In this manner, the maximum word or words are
those which are not inhibited, i.e., remain active after the
least significant bit slice has been shifted to the readout

channel and sensed.

To perform a minimum search, the complement of the information
stored in each memory cell is operated on in the above manner.
The word or words active at the end of the sequence are minimum,

but appear as maximum as a result of the complementation.
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Memory Array--Type #1 Cells The word-slice shifting capability

regquired for the maximum (minimum) search cannot be obtained
using the type #1 memory cell. It is recalled (refer to section
4.3) that this design does not provide for a readout of the
stored information into the word channel within which the
shifting operation would take place. The use of an additional
control conductor to transform diode 4 shown in Figure 29

into a punch-through element would make this operation possible,
but the availlability of the complement remains a problem. For
present purposes, modification of the type #1 cell will not

be considered since it will only increase the complexity of

the channel structure.

Memory Array--Type #2 Cells The type #2 memory cell is most

convenient for performing the maximum (minimum) search since
the stored bit and its complement are easily read out into the
mismatch output channels. Furthermore, the latter are suiltable
paths for shifting this information to the sense location

at the most significant end of the words. We recall that a
stored bit 1s propagated into the mismatéh O channel by ener-
gizing the IO interrogate conductor in conjunction with the
general drive field, while the complement is introduced into

the mismatch 1 channel by pulsing Iy (refer to section 4.4).

The shifting operation described previously can be accomplished

by any one of the several DOT technidques developed for
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constructing shift register devices. In particular, the

DOT implementation of the Broadbent type5 shifting technigue

is useful for this purpose since no general drive flelds are
required. Unidirectional propagation of domains of reversed
magnetization is obtained by successively energizing two sets
of wide (approximately .100 inch) control conductors located
behind the film plane with current pulses of alternating
polarity. The fields produced by these conductors are oriented
along the film easy axis and thus the word slice axis. During
this sequence, the hold line which passes through all memory
cells must be energized to prevent erasure by an erase-oriented

shifting field.

Figure 52 schematically presents a portion of the memory con-
figuration designed to implement the maximum (minimum) search
operation. Shown in the figure are the sense line, control
lines, and DOT logic elements which are required to perform
the inhibit function discussed at the beginning of this section.
The stored information, or its complement, is shifted from
top to bottom in the figure by the shift cdnductors. The
length of a domain representing a 1 is indicated by L. A

typical search operation is described next.

Referring to Figure 52, let us assume that a maximum search
has begun, the contents of all cells have been written into
the mismatch O channels, and the first shift cycle is in

progress. Now assume that a 1 (domain) in a word 1 and O's
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in words 2 to M have been ghifted across the sense line. When
the readout signal occurs, control conductor IR ils energlzed

and punch-through elements 21, 2.s...2y are enabled. This

53
allows domain tips from the 1 generators to propagate towards
gates 31, 32,...3M. In the case of word 1, the domain of
length L in the readout channel will cause a tip to enter
gate 41 via element 2i and inhibit propagation to 31. Since
no information 1is present in the readout channel of words 2
to M, no tip will enter gates 42 - MM’ Gates 35 - -- 3M
are switched and will remain as such due to the permanent hold
line which prevents erasure only in the S channels. As a
result, no information from the lower-order bit slices of

words 2 to M will reach the sense as subsequent shifting

operations take plaece.

Since the identity of the maximum (minimum) word or words
cannot be determined until the least significant bit slice
has been processed, and since this may contain all O's, infor-
mation representing the maximum (minimum) word or words is
not conveniently obtained during the final’shift sequence.
The simplest solution to this problem is to insert a tag

bit in cach word following the least significant bit slice.
When all processing is complete, one additional shift left is
performed and the tag bit orbits in the active words (no
domain in gates 3) propagate uninhibited past gates 3 to the
flag bit memory cells fl’ At this time, line IM is energized

and the information is written into these storage cells. A
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general erase-hold completes the cycle.

The total time required for this search operation is approxi-
mately equal to one equality search cycle using the type #2
memory cells since the longest distance a tip must propagate
is the same in both searches. Use of the shifting technique
describes eliminates the normal erase-hold pulses common to

the zig-zag and other shift register drive sequences.

The various technigques which can be employed to speed up
previously-described search operations are suitable for
the maximum (minimum) search. A problem exists, however, due

to the dependency between words.

5.2.4 Proximity Search

The proximity search is defined as the operation of finding the
stored word which comes closest to matching a search word in

terms of the number of matching bits.

Memory Array--Type #1 Cells A modified type #1 memory cell

with an "override mismatch'" capability was described in section
4.3, "Improvements."' An array of these cells can be used to
implement a form of proximity search in which it is desired

to find the word or words which differ from a search word

in a particular bit position. The bit position, herein denoted
as the proximity bit, 1s completely arbitrary and more than

one can be selected during the search.

-23
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Let us consider the mzmory array deplcted in Figure 53 composed
of modified type #1 cells and associated override mismatch con-
ductors IP (refer to Figure 35b). The special proximity search
operation is performed by doing an equality search on all bit
slices in parallel and energizing the "inhibit match' control
line. The latter causes a self-inhibit operation via punch-
through elements 1 and gates 2 in all words satisfying the
search. Those words containing one or more mismatches are
characterized by a blocked tip in the word channel at the
mismatch cell nearest the "nucleate test tips' control line.
With the uniform drive field applied and the "inhibit-match"
pulse terminated, the override-mismatch control conductor(s)
corresponding to the proximity bit slice(s) being searched

are then energized in conjunction with the interrogate lines
which performed the initial equality search. In those words
which differ from the search word only in the proximity bit
position(s), the blocked tips will be punched through the
mismatched cell(s) and an output tip obtained at the flag
memory cell. On the other hand, words which contain one or
more additional mismatches will produce no output. The
operation 1s completed by writing the output tips into the

flag cells fl and performing a general erase and hold on the

entire array.

In this manner, only the word(s) containing the mismatch(es) in
the specified bit position(s) can respond to the search. The

operation requires approximately two equality search times,
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one to propagate match test tips through the entire word
channel, and one to override the mismatches and produce output
tips. A true proximity search according to the definition
given previously would be more complex requiring a seduential
search of each bit slice, a count of the number of mismatches
and a minimum search on the contents of the counter. Tech-
niques for performing this search in a simpler manner will be

investigated.

Memory Array--Type #2 Cells The specialized proximity search

described in conjunction with the type #1 cell cannot be per-
formed in an array of type #2 cells since the bit slice con-
taining a mismatch cannot be identified during an equality
search. Techniques for performing the standard proximity search

are equally complex as in the case of the type #1 cell.

5.2.5 Intersection of Searches

The intersection of two or more sets of words, each of which
satisfies a basic search, 1s equivalent to a logical AND

of the basic searches.

Memory Array--Type #1 Cells To perform the intersection of

searches in this type of array, the results of the first
search are used as the input set to the next search. This
mode of operation is possible due to the fact that test tips
are normally required in the mechanization of a search. The
configuration of memory cells and conductors to implement this

function is similar to the basic array shown in Figure 47,
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except for the addition of hold conductors at the input and
output ends of the words as depicted in Figure 54. These are
required for shifting the results of a search back to the input

for the subsequent search.

In performing the intersection of searches, the first search
utilizes test tips written into all word channels by the
appropriate nucleate conductor. At the end of the cycle, the
output hold line is energized during the general erase-hold
sequence, and the results of the search (domains of reverse
magnetization) are stored at locations SO in the word channels.
The general drive field is applied and the information in question
propagates toward the input end. At this time, the input hold
line is energized and the general erase-hold repeated. Domains
now stored at SI will function as the input set for the next
search. These operations continue until the final search has
been completed. The results remaining represent the inter-

section of the basic searches which are then written into

the flag bit memory cells in the usual manner.

The total time redquired to perform the intersection of searches
equals the sum of the basic search times plus the product of

the number of searches and an equallty search time.

Memory Array--Type #2 Cells The previously-described technique

for performing the intersection of searches i1s not suited to
an array of type #2 memory cells because test tips are not

required in search operations. A straightforward ANDing
d g
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of the results of the basic searches would satisfy the inter-

section requirement, but this approach is cumbersome.

The most suitable scheme for mechanizing this search is to
logically OR the mismatches from the basic searches in a
"collect mismatch" storage cell on a per-word basis and use
this result to inhibit a test tip propagating to a flag memory
cell. In those words which satisfy all of the searches, the
special storage cell remains erased since no mismatches are
obtained. The test tip then propagates uninhibited to the
flag cell and is stored therein for a subsequent on-match
operation. In the case of the words producing one or more
mismatches during the basic searches, the collect mismatch

storage cell is switched and the test tip inhibited.

Figure 55 schematically deplcts the memory array pertinent to

the implementation of the intersection of searches. It is
similar to the basic configuration shown in Figure 49, except

for the additional hold line H which provides the channel

leading to inhibit gates 2 with a storage capability. Diodes

3 prevent information stored at S from exiting this "collect
mismatch" storage cell. Test tips are produced by the 1
generator and propagate to the flag memory cell via punch-through

element 4 when line E, is energized.

1T, for example, it were reduired to perform the intersection
of several equality searches, following each test-for-match

operation, the general erase-hold cycle would include & hold
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on line H to store the mismatches. When the searches are
completed, El is energized and the test tips propagated to
the flag cells. A flag bit is then written in those words

containing unswitched inhibit gates 2.

While the array in Figure 55 was designed primarily for equality
searches, the intersection of different searches (inequality,
maximum (minimum), etc.) can be performed guite readily. In
these cases, 1t becomes necessary to invert the results (matches)
from the searches in order to obtain the desired inputs (mis-
matches) to inhibit gates 2. Although this double-inversion
operation appears redundant, 1t does reduce the number of logic
operations required if the equality search is performed most

frequently.

The memory time consumed in an intersection-of-searches operation
performed in an array of type #2 cells is approximately equal

to the sum of the individual search times. We recall that

with the type #1 cell, additional time was required to shift

the match between output and input hold locations.

5.2.6 Union of Searches

The union of searches is defined as the set of words satisfying
one or more of a number of searches. This is obtained by logi-

cally ORing the results of the basic searches.

Memory Array--Type #1 Cells, Memory Array--Type #2 Cells The

union of searches 1is performed in the same manner in both the
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memory arrays under consideration. The operation consists

of writing the results of each basic search into the same
flag bit memory cell on a per-word basis and storing these
results during the subsequent searches. In those searches
where the match outputs are not immediately available at the
flag cell, it then becomes necessary to temporarily store
this information before shifting it to the flag cell. This
is easily accomplished by means of a hold line located at the"

match output channel.

In general, the contents of all flag cells following a sequence
of consecutive searches (no on-match operations) will always
represent the union of these searches. The time required

for this operation is approximately equal to the sum of the
basic search times. It is assumed that the transfer of a

match output described above constitutes a small portion of

any search cycle.

5.3 Processing Operations

5.3.1 Field Addition (Xq + Yy, Xp + Yo, . . ., Xy + Y )

This is the processing operation in which two quantities X

and Y stored in the same word of the memory are added together
and the result written back to replace either X or Y or to

be stored in a third field. The most frequently-used type

of field add is one in which the sum Z = X + Y is stored

in place of the gquantity Y. It allows the use of a special

algorithm6 which reduces the number of search operations

5-32




required per bit of addition as compared to the field add in
which the sum Z is stored in a third field. That algorithm

is intended for use in associative memories with an all-parallel
equality search capability--a capabllity characteristic of

DOT memory-logic arrays.

In the discussion which follows, technigques for performing
both types of fileld addition in the two basic memory arrays
are described. The use of a DOT serial adder in each word
of memory for mechanizing these arithmetic operations will
not be considered at this time due to the present size of the

adder network.

Memory Array--Type #1 Cells To perform the field addition
X +Y =2 — (third field), we consider the Boolean equations

for the sum and carry bits given by:

o

Zy = X3Y;C, 4+ Xg¥iCy + XY, Co+ XY, Cy (16)

In an array of type #1 memory cells, each of the above product

terms §i§ici3 etc., can be generated by successive equality

searches since the test-for-match operation is, in effect,
an ANDing of the searched bits. For example, to generate

X.Y.C

1¥;C5, a test for match is performed on the bit slices cor-

responding to X;, Yi and C, against the search word O001. If
a match reéults, the test tip is then written into a Zi memory

cell contained in the third fileld. The operation continues
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in this manner with the remaining three sums being generated
using search words 010, 100 and 111. Since the results of
each search are effectively ORed in the Zi cell, information
contained in the latter at the end of the four searches is

the desired sum bit.

The operation X + Y =72 - (Y) is carried out in the same manner,
and uses a cell designated Zt to temporarily store Zi' When
the addition is complete, Zi is written into Yi and the Zt

cell is erased.

The generation of Ci+l requires three equality searches. It
is apparent that the contents of the Ci memory cell cannot be

updated to Ci+ until at least the first two terms in equation

1
(17) have been generated. The most convenient procedure is

to logically OR the result of each search in a temporary storage
cell. A general erase-hold 1s then performed without energizing
the C4 hold line and Ci is erased. This is followed by a write
operation and Ci+l is written into Ci‘ The cycle is completed

with a general erase-hold in which the Ci+ temporary storage

1
hold line is not energized. This erases the Ci+l cell in

preparaﬁion for the next field addition.

In general, the field addition operation is performed in each
word of memory in parallel. The equality searches required
take place in the usual manner with test tips being introduced
into all word channels simultaneously (refer to section 5,261)

by means of a nucleate conductor. A selective field addition
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in one or more words 1s also possible. In this case, the
aforementioned test tips are produced by the word selection

network.

The configuration of type #1 memory cells and control conductors
pertinent to the X + Y = Z — (third field, Y) processing
operation is depicted in Figure 56. Cells designated Zi are
also type #1 with full memory-logic capability. Bits Css ZJC

and C;47 are modified storage structures. The former possesses
a test-for-match capability, while the latter two can produce

a readout into the word channel when I or IC 1ls energized.

Z
t
7 Hzt, HC.’ and HC function independently of

1 1 i+l
the general hold line to control erasure on the Z4, Zt, Ci and

Hold 1lines H

Ci+l bit slices, respectively.

The step-by-step procedure for this fleld addition is outlined
below. It is seen that seven equality searches, one or two
writes and four additional general erase-holds are required.
Steps 10 and 12 can be combined with 9 and 11 which normally
end with a general erase-hold. Thus, approximately eight

equality search times are required for this operation.
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PROCEDURE FOR FIELD ADDITION

X + Y =7 — (Third Field, Y)

1. Erase all Z; memory cells (required prior to first cycle)

2. Erase C; bit slice (required prior to first cycle)
Start add; second and subsequent cycles

Equality search XiYiCi against 001, write Zi
Bquality search XiYiCi against 010, write Zi
Equality search XiYiCi against 100, write Zi
Equality search X;Y;C; against 111, write Zi
Egquality search CiXi against 11, write Ci+l

Equality search C Y £ against 11, write C,
i i i+l

Equality search XiYi against 11, write Ci+

O o N o ol =ow

1
10. Erase Ci bit slice

11. Write Ci+ bits into Ci cells

1
12. Erase Ci+l bit slice

To replace Y; by Zi’ change Z5 to Zt in above procedure and add

13. Write contents of Z, (Z;) into Yy

14, Erase zt bit slice
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The X + Y =72 -» (Y) type of field addition can also be ac-
complished using a special algorithm as mentioned previously.
To understand this operation, we consider the following tables

for initial and final states of the Xi, Y. and Ci storage

i

cells where Zi is stored in Yi and Ci+l in Ci'

Initial State Final State

X1 Y1 Oy 1% G
1 0 0 0 0 0 0
2 0 0 1 o) 1 0
3 ol 1] o0 0] 1 0
4 0 1 1 0 0 1
5 1| 0] o 1] 1 0
6 1 0 1 1 o) 1
7 1 1 0 1 0 1
8 1 1 1 1 1 1

It is seen Fhat initial states 1, 3, 6 and 8 generate identical
final states. Thus, only 2, 4, 5 and 7 must be detected in
order to modify the contents of the Y; and C; memory cells.
Furthermore, it is noted that initial state 4 generates a final
state which 1s the same as initial state 2, and initial state

5 generates a final state which is the same as initial state 7.°
To prevent errors, then, initial state 2 must be detected

before 4, and 7 before 5.

To perform this operation, four eguality searches are carried
p £ 9

out on Xi’ Y5 and Ci against search words 001, 011, 110 and
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100, in that order. In those words satisfying a search, the
match test tip is used to perform a local erase’in the Yi

and Ci memory cells inkpreparation for the subsequent writing

of Z2; and Ci41. The “information to be ertten is generated
within the memory array using the Stored match test tip according

to the initial and f;nal state tables,gthe;pertlnent portions

of which are presented below.

X, in c, 2, Cig
o] o 1 1] o
ol 1 1 o 1
1| o "o | 1
110 0 1] o

It is noted that Z; is the complement of C, i1 and C. 141 is
equlvalent to. Y : Thus, 1f the search blt for the Y memory

cell is also used to control wrltlng 1nto the C storage cell,

a test tlp is wrltteﬁ*lnto C becomlng C 141 when a match

occurs, Y; =1 angAlllls energlzed,  If a mateh occurs but Yi = 0,
no write occurs ahd\Cikeontains e,O.“The correet Z; 1s obtained
by reading out Cji4q inte a special output channel and writing

its complement Z; into_theinmstorage,eell.

Figufe 57 i1llustrates the memoyy array for this type of field
addition. It conelsts of the ba31c conflguratlon of type #1
storage cellsj a carry storage cell C tper word, a temporary
hold location S and contrel llnee for stdfing the results

t
of an equality search and inverting gates 1 for writing Zi‘
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The C; cells can perform write, local erase and readout into

the Ci output channel. They are accessed by special control

conductor I which is energized during a 'write C

i
CYi i+3

operation if the Yi search bit in the preceding equality

search was a 1. The ICR control conductor is used to read

out the carry bit Ci+l into the output channel leading to

gates 1.

To write Zy, the contents of the carry bit cell Ci+l are read

out into the output channel and, by means of gate 1, inhibit

the match tip, initially stored at S from propagating to Zi'

t)
Iifr Ci+l = 0, no inhibit takes place and Zi = 1. If Ci+l =0
when no match tip is present,no Z; is written and the Yi cell

remains unaltered for the next equality search.

The step-by-step procedure for this field addition is presented

below. While only four equality searches are redquired, each
must be followed with a local erase on Y; and C; if a match
results and two write sequences for Ci+l and Zi‘ Thus,
effectively sixteen equality search times are consumed in the

arithmetic operation.
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Special Procedure for Field Addition

X +Y =2 — (Y) (C, = 0 prior to first cycle)

i
1. Equality search XiYiCi against 001

2. Local erase Yi and Ci on match

3. Write Ci+l into Ci storage cell on match
4, Write Z; = C; 7 on match

5-8. Repeat 1-4 using search word 011

9-12. Repeat 1-4 using search word 110

13-16. Repeat 1-4 using search word 100

Memory Array--Type #2 Cells Let us first consider the addition

X +Y =72 — (third field). The Boolean expression for the
sum and carry bits given by equantions (16) and (17) can be

wilirtten in the form:

2, =(Xg4Y3+C3) + (X3#+754C4) + (B #+Y 4C,) + C21¥Yi+€i) (18)

Ci+1=(éi+ii) + (6i+Yi) + (X +Y5) (19)

Each of the sum terms (Xi+Yi+§i), etc., can be generated by
successive equality searches since the test-for-match operation
is, in effect, an ORing of the searched bits. Thus, in an
array of type #2 cells, the term (izi?ziﬁ;), for instance,

is generated by performing a test for match on the bit slices
corresponding to Xi’ Y.1 and Ci against the search word 0O01.

A match yields no output, but the inversion operation which

is part of the equality search (refer to section 5.2.1) pro-

duces the domain tip representing (Xi+Yi%@i}, Thie information

is then written into the Zi memory cell.

5-42




The complete fleld add operation X + Y = Z — (third field)
is performed using the procedure developed for a memory array
of type #1 cells described previously. Figure 58 depicts

the type #2 cells and control conductors for implementing the
required equality searches (seven) and storing the Zi, Zt’

Ci and Cj_Jrl bits.

The X + Y =Z —3 (Y) processing operation is equivalent to
an X +Y =72 —3 (third field) add with the addition of a write
cycle to transfer the sum bit stored in the temporary storage

cell Zt to the appropriate Y5 cell.

The special procedure described earlier for accomplishing

X +Y =2 — (Y) in an array of type #1 cells (see Figure 57)
can also be employed in this case. 1t i1s recalled that sixteen
equality search times are required although only four equality

searches are performed.

5.3.2 Operand Addition (Xy + 8, X, + 8, . . ., X +8)

The operation in which a quantity S located in the operand
register is added to a set of stored quantities X where each

X is contained in a different word of the memory is known as
operand addition. As in the case of field addition, the sum
X + 8 = 2 may either be written in place of X or be stored

in another field of that word. From the standpoint of DOT,

X +8 =72 —3 (second field) is the more general operation and

is, therefore, the subject of the discussion which follows.

P
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storage cells pertinent to the field addition
X +Y =7 (third field, Y) processing operation.
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Memory Array--Type #1 Cells, Memory Array--Type #2 Cells

The algorithm developed for performing an operand addition is
applicable to both types of DOT memory arrays under consideration.
In order to understand this operation, we refer to the truth

table presented below.

Xi Si Ci zi Ci+l
0] ¢ o —Er———g—
0 0] 1 1 0
o) 1 0] 1 0
0] 1 1 0 1
1 0 0 1 0
1 o) 1 0 1
1 1 o) 0 1
1 1 1 1 1

Examining first the column of values for the sum bit, it is
seen that Z; depends on whether Ci and Si match or mismatch
and X is a O or a 1. More specifically, if Ci#Si, Zi:l when
Xi:O and Zi%O when Xi:l' On the other hand, if Cizsi, Z;=0
when Xi:O and Z;=1 when X;=1. The value of Z; can thus be
obtained by doing an equality search on Ci against Si and
logically combining this result with a second bit of infor-
mation representing the contents of the Xi cell. It will
be shown that this second bit of information is equivalent

e

to X..
i
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The DOT logic structure required for the Zi operation is
presented 1n Figure 59. It consists of the following:

(1) a temporary storage cell S C to store a match from the
equality search on Cj against S,, (2) a cell Zi to store the
sum bit, (3) a blocking conductor to synchronize tip propa-
gation to gates 1, 2 and thus Zi and (4) the appropriate gates
1, 2 and delay channels d to perform the logic. One such
configuration would be located at the match output channel of

each word of memory in either of the basic arrays.

To perform the addition, two equality searches are carried
out--the first on Ci against S;, the second on X; against O.

If, for example, X,

i = 0, Si = 0 and C; = O, the equality search

on Ci would result in a match and a bit stored in cell S C

(8C initially erased). With the blocking conductor energized,
the search on X; takes place and the match output tip propa-
gates to and comes to rest at location 4. Next the blocking
field is terminated and the SC cell outputs at 5 and 6 and
the tip at 4 propagate in the direction of Zi' As a result
of the special delay channels (see Figure 59 for delays),
inhibits occur at gates 1 and 2 and no information is written

:O’

into Zi (Z.l initially erased). Suppose, however, Xy

Si = 0 but C; = 1, then the first search on C; would produce
a mismatch and cell SC would remain erased, i.e., SC = 0.
The subsegquent search on X4 would still provide a match tip

at 4, which, when the blocking field terminates, propagates

uninhibited to Zi' The remalining input combinations for Xi =0
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addition processing operation.
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are processed 1In the same manner as described above.

When X; = 1, a given combination of Si and Ci will produce
a sum bit which is The complement of Zi obtained for Xi = 0,
Sunpose Xi =1, Si = 0 and Ci = 0, the first search, Ci against
Si’ results in a bit being stored in SC. Since the next search
on Xi is against a O, no output tip reaches location 4. The
tips at 5 and 6 then propagate to OR gate 3 and inhibit gate

2 when the blocking field terminates, but no inhibit occurs
since the delay from 632 is greater than from 533. A bit is
then written into Zji. If, however, X; = l,_Si = 0, but Ci =1,

no match occurs for either search and Zi remains a O.

The time required to generate a sum bit is thus approximately
two equality search times. It is assumed that the time involved
in performing the above logic operations 1s negligible in

comparison with an equality search.

Referring next to the columns in the truth table corresponding to

the carry bits Ci and Ci+ it is noted that Ci:Ci+l for all input

l:
combinations except 2 and 7. Furthermore, we note that when Xj:Si,

:Xi, and when Xi%Si, C C;. To generate C,

1412 then, an

®in 1417
equality search is done on Xi against Si as the first part of an
intersection of searches operation. A local erase on Ci follows
in those words satisfying the search. In the words where X151201
or 10, Ci is unchangede Next, a second equallty search is per-

formed on X; against 1 and the intersection of searches is

completed. In the words satisfying both searches, i.e., words

5-48




in which XjSi = 11, a 1 is written into the Ci cell becoming

C. (input combinations 7 and 8).
i+1

In summary, words containing XiSi = 10 or 01 are unchanged
during the two search cycles. Where Xi = Si, Ci is set to O
by a local erase. The second search and then the intersection
of searches operation find the words where Xi = Si = 1 and a
1l is written into Ci' The time required to generate the carry
bit is equal to an intersection of searches operation for two

equality searches plus a local erase and write cycle. These

depend upon the type of memory array utilized.

The procedure for obtaining Z k6 and Ci+l is outlined below for

i
the two basic memory arrays. An array of type #1 cells requires
five equality search times as compared to four equality search

times for an array of type #2 cells.

Procedure for Operand Addition

X +8 =72 — (second field)
1. Equality search Ci against Si’ write SC
2. HRquality search Xi against O, write Zi
3. Intersection of searches to obtain Ci+l
a. Equallity search Xi against Si
b. Local erase C; on match

c¢. Eaguality search Xi against 1

L., Write C, in words satisfying 3




5.3.3 Summation <Xl D Xﬂ)

This operation produces the summation of a set of gquantities
X stored in separate words of memory. The results would
either be written into one of the words or stored in an external

register.

The mechanization of this summation is somewhat complex in
comparison to the previously-described search and processing
operations. Briefly, what is required is that the quantity
Xi be read out and placed in the operand register. Using the
word selection network, the word containing X2 is selected
for an operand addition and the latter performed between X5

and S(X The result 212 is written back into the operand

l>'
register and Cq, stored in the word containing XB’ The operand

addition 1s repeated between X3 and S(Z1o) producing 2123 and

0123. This continues until all X's have been processed.

Memory Array--Type #1 Cells A selected operand addition is

easily accomplished in an array of type #1 cells since a test
tip is utilized in the equality searches. This test tip,
instead of being introduced into all words (a normal operand
addition [Xl + S, Xy + S, e, Xn + S] is performed simul-
taneously in all words) would be produced by the word selection
network. Thus, only the selected word would have its contents

modified.

Memory Array--Type #2 Cells While no test tips are utilized

for search operations in this case, a word could be selected
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for operand addition by inhibiting the writing of the sum

and carry bits Z; and Ci+ in all words except the one to

1

be modified.

One would also consider performing the summation by a series

of field additions. As such, the quantity Xl would be written

into a second field of X, denoted as Y, and the field add
Xp A Y2 (Xl) = Z2 carried out. The sum 4, can carry C3 would

then be written into a second field of X_ and the sequence

3

repeated.

5.3.4 Counting (X, + 1, X2 + 1, ..., X+ 1)

1

In this operation, a set of quantities X stored in separate

words of the memory are simultaneously incremented.

Memory Array--Type #1 Cells, Memory Array--Type #2 Cells One

method of performing this form of addition is to place a 1
in the least significant bit position of the operand register
(O's in all other locations) and proceed with an operand

addition in the usual manner.

A second technigue uses a memory cell in each word to store

the carry bit Ci' Ci is set to 1 at the start of the operation
in those words to be incremented. An equality search is then
performed on Xicj against 11 followed by an on-match local
erase in the Xi bit slice. In words satisfying this search

Xi — 0. Another equality search 1s then done on Xici against

01. An on-match local erase of Ci and simultaneous write in

5-51



X occur next with Xy — 1 and C, — O in the matching words.

i i+1
The operation continues until all bits of X have been processed.
Approximately four equality search times are required in each

of the basic arrays.

5.3.5 Shifting
A selected set of quantities located in the same field of
different words in the memory are simultaneously shifted in

one of two dimensions in this processing operation.

Memory Array--Type #1 Cells Since the basic type #1 storage

cell does not possess a word channel readout capability, no

shifting can be performed in this array.

Memory Array--Type #2 Cells The shifting operation is accom-

plished in a manner similar to a maximum (minimum) search.

The contents of each memory cell are read out into a mlsmatch
output channel and the shifting takes place by means of a set
of conductors located beneath the film plane. The shifted
information is written into the appropriate cells by a simple
write operation. No more than one equalitj search 1s required
since the cell readout and final write can be accomplished

during the first and last shift cycles, respectively.

5.3.6 Complementing (X7 — ilj Xo —Xp, ..., X,— X

This is the operation of simultaneously replacing each guantity

e

X by its complement X.
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Memory Array--Type #1 Cells 1In this case, the complementing

operation is accomplished by performing the following in bit
slice Xi during a single general drive cycle: (1) test for
match 1, (2) write and (3) local erase. The first operation
switches the entire word channel 1if X; = 1 while the second
writes a bit into the cell regardless of its contents. The
local erase causes the entire cell to be erased if X; =1
(tip in word channel at shuttle level--refer to section L.3),

but leaves the cell in its new 1 state (X; = 1 via the second

i
step) 1f it originally contained a 0. This last condition
results from the fact that a test for match 1 against Xi = 0
will result in an inhibit in the word channel. ©No tip reaches
the shuttle level (refer to Figure 29a) and, therefore, no local
erase occurs. The write does occur, however, and Xi is set
equal to 1. In summary, the test for match 1 merely establishes
the condition for a local erase on Xy if X; = 1. If Xi = 0,

no erase takes place and the 1 written into the cell in the
second étep is stored therein. The time required for a

complementing operation per bit is eaquivalent to two equality

searches.

Memory Array--Type #2 Cells In order to complement the contents

of type #2 memory cells X,, that information is read out into
the mismatch O cutput channel and temporarily stored in a
special channel designated St' Subsequently, a tip is intro-
duced in the vicinity of St and propagation to Xi is gated

by the contents of St' if St = 1, the new Xi = 0, while
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it St = 0, Xi = 1 1is written.

To perform a complement operation in a particular word, a
selection cycle 1is necessary. A general complement requires
that the aforementioned tips be introduced simultaneously in

all words of the memory.

Figure 60 schematically depicts the simple channel and con-
ductor configuration located at the output of each word which
is utilized in the complementing operation. The cell output
X; fans out at 1 and enters channel St to be stored therein
by HT during an erase-hold cycle. During the next general

drive, X; enters gate 2 and a tip is produced in channel 4

i
via element 3 by pulsing IC. if Xi = 1, propagation back
to element 1 and the memory cell is inhibited at 2. If X; = 0,
the tip in channel 4 propagates through 2 and back to the

cell. Two equality search times are required for this complement

operation.

5.3.7 Logical Sum (X.US, XQUS, coe, X US)

1

The logical sum operation 1s a bit-by-bit ORing of the contents
S of the operand register with guantities X stored in different
words of memory. The result XUS = Z 1is written in place of

X or stored in a second field.

Memory Array--Type #1 Cells A simple algorithm has been

developed for this operation. Consider the following truth table:
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Figure 60 Channel and conductor configuration used in a
memory array of type #2 cells for performing
the complementing operation.
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X Sy ;X084

i L

0 0 0
0 1 1
1 0 1
1 1 1

To obtain Zi in a second field, the storage cells for Zi mist

be accessed by a control conductor I. which is energized when

1
Si = 1 to perform a write function. The logical sum operation
begins by introducing domains in all word channels and pro-

pagating the tips to the Zi cells. If Si =1, I. is pulsed

1
and a 1 written in all cells. This satisfies input combination
2 and 4 in the above table. Then an equality search is per-

formed on Xi against Si = 1. In words satisfying the search,

a 1 is written in the Z; cells since Il would also be energized
at this time. The second operation will make possible an output
for Xi =1 and S |
available in a search of Xi against S;. Two equalilty search

= 0, input combination 3, which is not normally

times are thus required for each bit to be summed.

Memory Array--Type #2 Cells The first half of the procedure

described above, i1.e., the writing of test tips into Zi cells

if Si =1, is also required for the logical sum in this array.

It is recalled that a write operation in a type #2 storage

cell is performed by energizing the IO interrogate line (Si = 0).
Thus, 1f the Zi storage cells are to be type #2, the first write

procedure must be such that IQ 1s pulsed 1if 54 =
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A second search is then carried out on Xi against Si and IO
is energized regardless of the value of Si. This will detect
the mismatch Xi =1,8; =0 (also Xi = 0, S; =1, but this
has already been accounted for in the first search) and cause

a 1 to be written into Zi’ Again, two equality search times

are consumed in the logical sum.

5.3.8 Logical Product (Xf\S, NS, ..., XﬁnS)

This operation consists of a bit-by-blt ANDing of the operand

register contents S and the stored quantities X.

Memory Array--Type #1 Cells Consider the truth table for the

logical product presented below:

X S. Zy =X NS5

1 i
0 0 0
0 1 0
1 0 0
1 1 1
It is seen that a 1 must be written in Zj if X; =8; =1,

If the Z4 storage cells possess the same writing capability

as requiréd in the logic sum operation (see memory array--

type #1 cells), then an equality search on Xi against Si
followed by a write Zi will cause a bit to be written into

Z4 when Xi:Si:l. The mismatch conditions will produce no test
tip for wriﬁingj while no write can occur for XixSi:O° A single

eguality search time 1is required for Tthe logical product
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performed in this manner.

Memory Array--Type #2 Cells The algorithm in this case con-

siders the complement of the contents S in the operand register.

Thus, we have the following table:

Xi Si Si Zi
0 o) 1 0
0] 1 0 0
1 0] 1 0
1 1 0] 1

Recalling that a write operation in a type #2 memory cell
occurs via the mismatch O output channel and that a test for
match O when Xi = 1 produces a tip in the same output channel,
then an equality search of Xi against §i will produce the
desired output for Zi' That is, if Xi = 1 and Si = 1, then
Si = 0 and a test for match O on Xi causes an output in the
mismatch O output channel from which it may be written in the

Z, cell. Input combinations 1, 2, 3 with Si replaced by S

i i

either produce no output or a tip in the miématch 1 channel
which cannot be used for writing Zi' This technique for ac-
complishing the logical sum then utilizes one equality search

with the complement of the operand register.

5.4 Summary of Search and Processing Times

A summary of the times requlred to perform the various search

and processing operationsg described in the preceding sections
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is presented in the tables on the following page and serves

as a means of comparing the basic memory arrays investigated.
Referring first to the table for search operations, it 1s seen
that in each array, one operation is described as "not presently
possible.” On the basis of the fact that the maximum (minimum)
search is more widely utilized than the proximity search in
spaceborne associative processors7, it would appear that an
array of type #1 cells is not suitable for these purposes. The
significantly greater time required to perform the inequality
search in this array further substantiates the above conclusion.
Although the remaining searches are carried out in approxi-
mately the same number of operations in each array, the basic
unit of search time is smaller in array of type #2 cells.

Taking all search operations into consideration, it is ap-

parent that the second array type is definitely superior.

A similar conclusion is drawn when one considers the tdble
for processing operations. The specifications for a DOT
associative processor presented in section 7 are based, there-

fore, upon an array of type #2 cells.

5.5 Techniques for Processing Results

5.5.1 Introduction

The results of the various search operations such as the
matches from an equality search, the words satisfying an
inequality or maximum (minimum) search, etc. would normally

be represented by a stored bit in one or more flag bit memory
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cells assoclated with each word of memory. While the mechani-
zation of all-parallel on-match operations, i.e., operations
in which a bit slice write, local erase, or other function
except read are performed simultaneously in all words satis-
fying a search, is relatively straightforward, the resolving
of multiple matches to (1) provide readout in a word slice
mode, (2) locate the first empty location for loading the
memory, (3) generate an address for each word, (4) enable
writing in a word slice mode, etc., represents a formidable

problem.

The logic which makes possible sequential selection of the
words satisfying a search and thus performs the resolve function

8

is often referred to as a "word select ladder."® 1In this section,
several DOT word select ladder schemes are described and the
trade-offs between electronics cost and resolve time considered.
Techniques for loading a memory and generating an address for

"match" words are discussed and a comparison is made of four

methods for reading all match words.

5.5.2 Resolving Techniques

The "basic method" for resolving multiple matches (and the
search for an empty memory location on loading) uses a single
test tip which scans through the entire memory bypassing those
words not containing a match and stopping at the first word

on which a match exists. Figure 61 schematically depicts the

simple scanning network located at each word and the test tip
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channel T interconnecting these networks in a serial manner.
Channels designated Fl and F2 in the figure emanate from flag
bit memory cells, while those designated W, and W2 lead to
the word or mismatch output channels, depending upon the type
of memory array, for an on-match operation. Inhibit gates 1

and 2 in each network implement the required AND function be-

tween tips in the F and T channels, i.e., Wi = Fi-T.

In performing the resolve operation, a test tip is introduced
into the T channel by means of the "write test tip" control
conductor and propagated to the first word with a general
drive field. If there is a match on this word 1, i.e., if

there is a flag tip at F the test tip enters channel Wl

1°
and 1s blocked by punch-through element 3 until the subsequent
on-match operation begins. At that time, control line IM

is energized, punch-through occurs, and the test tip performs
the on-match operation. Upon completion of the latter by a
general erase and hold, the domain stored at S by means of
conductor HT continues to propagate to the next memory word
since no domain was present in gate 1 frqm Fl or word 1 when
this operation began. Now, if the flag tip is absent at

word 2, indicating no match, the test tip continues uninhibited
through the main channel of gate 1 to the next word. After

the final match has been processed, the test tip is sensed

at the readout channel designated 'resolve complete’ and the

on-match resolve operations terminated. The same operation

occurs 1if no matches exist in the entire memory. In this
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manner, a single sense amplifier is used to detect matches.

The basic scanning technique described evidently requires

a great deal of tip propagation time since the minimum delay
per scanning network would be of the order of 1 usec. The
time to resolve m matches (TR) would then be equal to mM pgsec
where M is the number of words in the memory. This assumes that
the duration of the propagate or general drive pulse in each
resolve operation 1s equal to the time necessary to scan the
entire memory regardless of the location of the first and
subsequent matches. One method of reducing TR is to detect
the entrance of the test tip into a W channel, i.e., to obtain
a readout when the first or next match word has been located,
and use this signal to terminate the general drive pulse.

The total time consumed in resolving m matches is designated

Tgr and T = M msec since the sum of the scan times from the

R
fiist matci word to the second, and from the second to the
third, and so on to the mth match, is equivalent to a single
scan.of the entire memory. The W channel readout mentioned
above would be accomplished by readout eleménts located at
each of these channels and interconnected to form a single
sense line as shown by the dotted line in Figure 61. An

additional sense amplifier and logic to gate the general drive

pulse would be required then to reduce TR by a factor of m.

Another method of reducing TR is to utilize additional sense

amplifiers to detect matches separately within a number of
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segments of the memory. FEach sense line would interconnect
the readout elements located in the F channels of a segment

of words as illustrated in Figure 62. The output of the sense
amplifiers are sampled sequentially after the flag tips have
been propagated to gate 1, and a test tip nucleated in the

T channel corresponding to the first segment containing a match.
The "write test tip" control conductor for each segment shown
in Figure 62 is operated by a pulse driver which is gated by
the output of the corresponding sense amplifier and a general
sampling circuit. The scanning operation in the selected
segment takes place in the manner described as 'the basic
method" for resolving multiple matches. It is recalled that,
in this case, a sense amplifier was required to detect the
test tip following the final on-match operation. In the
network of Figure 62, this function is accomplished by the
sense line interconnecting the '"resolve complete" readout
elements in each segment. This requires an additional sense
amplifier, the output of which is used to trigger the afore-
mentioned sampling operation. The latter begins at the next

unsampled segment.

In the straightforward implementation of this second variation
of the basic resolve technique, the resolving of each match
within a segment is performed using a fixed general drive
pulse. Ths duration of this pulse is equal to the time
required to scan a complete segment of m'words or mzksecn

Thus, if there are mq matches in segment 1, s in segment 2,
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etc., the total time to resoclve all segments Ty is given
2

by TR?: (ml tm, + ...+ my) mipsec. If (mg + my, + ...+ omy) = m,

TR = mmfpsec which reduces to mM or TR when all words are
2

contained in a single segment. However, when the words are
divided into i equal segments, this technique makes possible

by a factor of i, i.e., T There

=T .
R Ro R/1
is obviously a tradeoff to be made in terms of the reduction

a reduction in T

in resolve time and the cost of additional sense amplifiers.

A starting point for such considerations might be an increase

in the number of sense amplifiers to obtain a resolve time

equal to the basic equality search time which, for a 100-bit
per-word array of type #2 memory cells, would be approximately
250 psec. This implies that an array of 1000 (M) words would

be divided into 4 (i) segments of 250 words (m') and 4 additional

sense amplifiers utilized.

The choice as to which of the two resolve schemes is most
suitable for use in a DOT associative memory depends upon

the average number of matches (m) expected in search operations.
We recall that the resolve time using thé first method is
independent of the number of matches, i.e., TR = M psec, while

1

the second approach depends upon the ratio of the number of
- m

matches to segments, i1.e., T =I4M,ﬁsec. Thus, when m/i <1,

R

2
the second approach makes possible a shorter resolve time.
Using the value i = U4 determined in the above manner, the

inequality requires that the average number of matches be

three or less. If M = 1000 words, m = 3 represents an
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extremely small number of matches. An average match rate
of 5 per cent would reguire that i = 50 to satisfy the above

inequality.

It would appear, from these figures, that the use of the
segment scan technique is not practical if the number of

matches on the average is more than a few per cent of M.

A combination of the two tip scan techniques described pre-
viously would considerably reduce the time required to resolve
multiple matches. In this method, the words of the memory
would be divided into 1 segments with the scanning of each
segment taking place according to the first or W channel
readout scheme which makes possible a variable match resolve
time. The total time €o resolve all matches within a segment

(T would then be independent of the number of matches and

RS) y ,
equal to‘{'fsec. The total resolve time TR is then dependent
3
upon the number of segments containing matches (i ). If
m
imzi, Tg =M psec which is the same value obtained previously

3

for TRl. However, if one takes into consideration the statis-
tical factor, that is the distribution of matches throughout
the memory, it is apparent that im<‘i. In particular, as the
number of segments increases, the probability of finding a
given number of "empty" segments (contain no matches) increases.

Since an empty segment 1s not scanned, the total resolve time

is reduced correspondingly.
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An electronic scheme is also considered as a possible solution
to the problem of resolving multiple matches. The technique
makes use of the sense amplifiers normally required in reading
out of each bit slice and a small number of additional units
to sense the outputs from blocks of words into which the
memory would be divided. Two flag bit memory cells designated
Fl and Fo are utilized in each word to store the results of

a particular search. One of these special memory-logic net-
works (Fl) is located at the output end of the wprd, while

the other'(Fz) is contained within the word sharing a bit
position with a standard type #1 or type #2 bit storage cell.

The F_ cells are located in successively higher or lower order

2
bit positions from word to word in a given block such that
the mth th

word in each block contains an F2 cell in the n
bit slice. All Fl cells within a block are interconnected
by a single sense line which is the input to the block sense

amplifier.

A schematic representation of a memory array of type #2 cells
organized in the above manner is depicted'in Figure 63. It

is seen that the F, cell in the nth pit slice of a word shares
the readout channel of the n®h pit. Thus, no additional

readout elements are required for the F, cells, proper isolation
being obtalned by the diodes D shown in the figure. A detailed

description of the operation of the F_ cells will not be given

2
at this time. A cell design which incorporates the features

and regulirements of both flag bit and basic memory cells
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does not pose any problems.

Using the configuration shown in Figure 63, the resolving of

a match takes place in the following manner: A general drive
field is applied and the contents of cell Fl cells are pro-
pagated to thelr respective readout stations. The outputs

of the block sense amplifiers are then sampled sequentially,
starting with block 1. Upon obtaining an output, the sequence
is terminated and a flip~flop which corresponds to that par-
ticular block is set. Next, the contents of the F2 cells

in that block are read out by means of a block control con-
ductor and the bit slice sense amplifiers are sampled sequen-

tially starting with bit 1 until a match is detected.

The block and bit slice flip-flops set during this operation

thus identify what may be considered as the "address' of the

first match. To perform the subsequent on-match operation,

this address could be decoded and the match word selected using
the DOT word selection logic. Another approach being con-
sidered is to read out the contents of the F, cell corresponding

to the first match. This would be accomplished by means of

two control conductors, one of which passeé through all cells

ih a bit slice while the other passes through all cells in a
lock of words. The bit slice conductor would be driven by one

of the interrogate line drivers, Il or IOj but additional drivers

would be réquired,for the conductors which address the blocks.

In mechanizing this readout, the output of the aforementioned
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flip-flops would be used to gate the corresponding bit slices
and block drivers. Thus, no decoding or word selection would

be reqgquired.

The resolve operation is initiated following each on-match op-
eration. While some savings in time can be realized by
starting the sampling sequences at the point where it was

last terminated, a more straightforward approach would be to
begin the procedure at the first block, i.e., utilize an id-
entical resolve sequence for each operation. To this end,
additional logic would be required in the F; and F, cell

of each word to inhibit electrical readout from a word pre-

viously processed. This is readily accomplished.

A summary of the DOT resolve techniques and their electronics
requirements is presented in figure 64. The "basic method"

of resolving multiple matches which utilizes a single test

tip scan of the resolve network is referred to as approach #l{
Approaches #2, 3, and 4 are variations of this technique which
make possible a significant reduction in total resolve time

at the expense of an increase in system electronics. Approach

#5 is the all-electronic=scheme.

Referring to figure 64, we see that approach #1 makes use of
a propagate bulse of fixed width to resolve each match suéh
that the total resolve time is directly proportional to the
number of maﬁéhesa In the second approach, the propagate time

is variable and equal to that required to propagate the test
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tip between succegsive match words in the resolve network.

This 1s achieved by sensing the presence of the scanning tip

in the W channel of the next match word and using this signal
to terminate the propagate cycle. The total resolve time

is then equal to that necessary to make one scan of the resolve
network. Approach #2 utilizes one sense amplifier and control
gate in addition to the basic electronics of the first tech-
nique to reduce the total resolve time by a factor of m.

In approach #3 the resolve network is divided into i segments
wilith a test tip per segment. This reduces the propagate time
by a factor of 1 in comparison to the first approach. Only
those segments containing a match are scanned by a test fip

and the total resolve time depends upon the ratio of matches

to segments. Approach #3 is faster than #2 if m/i< 1 and always
faster than #1. The electronics requirements of #3 are a
function of i. The final tip scan technique is #4 which com-
bines the variable propagate time feature of #2 and the segment
resolve network of #3. In this case, the total time to scan

a segment is independent of the number of matches contained
therein. The total resolve time is then directly proportional
to the number of segments containing a match. Thus, if all

the matches are located in a single segment, the total resolve
time is a minimum. Increasing the number of segments i reduces
the propagate time per segment and increases the probability

of matchless segments. The electronics cost, however, increases

linearly with i and the tradeoff must be considered.

5-Th




The last resolve technique, approach #5, utilizes an electronic
scan of block and bit slice sense circuits to locate the first
or next word containing a match. The propagate time per match
given as 1 psec in figure 64 is the time required to readout
the contents of all bit slice and block flag cells in parallel.
While the time required to perform the electronic scan is
approximately 3 psec [30 nsec per sense amplifier x 110 sense
amplifiers (M/N + N)] in a 1000 word, 100 bits per word memory,
the total resolve time must include a memory write cycle in
which the match information stored in the word slice flag

cells is rewritten into the bit slice flag cells. This re-
write operation is performed prior to the electronic scan se-
guence in one equality search time TS. Since Tg» 3 psec,

the total resolve time using approach #5 is approximately TS.
The electronics requirements for this technigue are presented

in figure 6L4.

Let us now consider the cost vs time tradeoffs of the several
resolve techniques summarized in figure OU in order to select
a suitable approach for use in an advanced associative processor.
Electronics costs of $4.00 per sense amplifier, $2.00 per
control line driver and $25.00 for a digital multiplexer,
address counter and decoder will be assumed. Using the elec-
tronics requirements outlined in figure 64 and the above
costs, we obtain the cost-time characteristics tabulated in
figure 65 for a memory of 1000 words (M) and a word length

of 100 bits. As a comparison, it is believed that the basic
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Approach Total Resolve Time Electronics Cost

#1 (m) 1000 psec $10.00

#2 1000 psec $14.,00

#3 (Jio 1000 psec $33.00 + (i) $6.00
#4 (im) 1000 usec $37.00 + (i) $6.00

i
#5 Tg = 757?150 psec $110.00
Figure 65 Resolve time and electronics

cost for resolve techniques

studied.
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memory electronics consisting of 200 interrogate line drivers,
100 local erase line drivers, 100 bits slice sense amplifiers,
general drive circulitry, and timing and control logic will

cost approximately $1,500.

Referring to figure 65, it is seen that the number of matches
(m), resolve network segments (i) and segments containing
matches (i) are important factors in determining the cost-
time tradeoffs. Let us take for example m = 10 as a minimum
response to a particular search. Then for approach #3 to offer
an advantage over #2 which is obviously superior to #1, i

must be at least 11. The electronics cost for #3 would then
be $99.00, a factor of seven larger then #2. For the same
cost, however, approach #5 makes possible the shortest resolve
time, a time independent of the number of matches or their
location. A comparison of approaches #3 and #4 shows that

the costs are nearly the same, but #4 offers an advantage when-
ever two or more matches are contained in the same segment

of words. Using approach #4 with m = 10 and an average value
of %n = 5, 1 must be at least 35 before ﬁhe total resolve time
equals the upper limit of #5. Under these conditions, #4

costs $247 in comparison to $110 for #5. It should be guite
evident to the reader that the all-electronic scan technique
yields a minimum total resolve time for the cost unless m or

i, = 2 when i = 13 in approaches #3 or #4.

The cost-resolve time tradeoffs are depicted in figure 66
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for the five techniques for resolving multiple matches. The
curves for approaches #3 and #4 for a given value of m or im
are combined into a single line since the costs are nearly

the same. Based upon these relationships, the following
conclusions can be drawn: Firstly, 1f minimum cost 1s the
principal criterion, approach #2 offers the advantage of a
fixed resolve time which is the equivalent of approximately
seven equality search times in an array of type #2 memory cells
organized in the manner depicted in figure 75. If speed is

the only consideration and the number of matches is generally
five or less or the matches are contained five or fewer of

a total of forty word segments, then approaches #3 and #4

can perform the resolve operation in under 100 msec. In
general, the number of matches and their grouping will depend
upon the application. A total resolve time independent of
these factors and equivalent to a standard equality search

for a fraction (10%) of the total system cost would be reasonable
criteria for defining an optimum multiple match resolve tech-
nique. Approach #5 satisfies these conditions as illustrated

in figure 66 and will be utilized in the memory design described

in section 7.

5.5.3 Loading Techniques

The function of loading an assoclative memory is divided
into two categories: (1) loading an empty memory and (2)
loading a word which is empty or contains information to be

updated. The first operation can be accomplished by elther
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the DOT word selection logic or multiple match resolve net-

work while the second 1is considered as a combination of match
resolve and write-on-match operations which are best achieved
using the resoclve network. The times to perform these operations

are as follows.

Empty Memory To load an empty memory using the word selection

logic described in section 3.2.2, a binary counter (address
counter) 1s used to select word channels in succession for
write operations. Each select operation requires 3 psec of
memory cycle time while the write sequence consumes the equi-
valent of an equality search time for 150 psec for a 100 bit
word. The total load time for a 1000 word memory is then

153 msec. Word selection electronics (bipolar drivers for
the address lines, address counter, clock, control logic) costs
approximately $75. and may not be required in certain memory
applications. Thus, the second approach is considered which
incorporates the match resolve logic since the latter is a

basic component of all associative memories.

In implementing the empty-memory load operation using the
electronic resolve technigue described in the previous section,
it is necessary to write a 1 into every bit slice flag cell

(F, cell in Figure 63) and word slice flag cell (Fl)' This

is accomplished by a nucleate conductor which intersects cell

2

word lineg in the vicinity of the Fq cells and writes into

these channels during a short general drive sequence. 'The
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control conductor which gates the input to the Fl cells is
energized during this operation and the write operation takes
place. Next F2 cells are written into in the standard cycle
which follows each memory search operation. With a 1 stored
in all F; and Fp cells, the electronic resolving technique

is employed to locate words 1 to 10,000 in succession for

the word write cycle. The total load time is then equal

to the sum of the resolve and write times. The former is

150 psec for 1000 words while the latter consumes 150 msec.

A net load time ~150 msec is achieved. No additional electronics

are regquired.

Empty Word The loading of an empty word or word to be updated

1s equivalent to a basic match resolve operation. If each
word of memory contains a "status' flag bit which is a 0 if
the word is empty or contains unuseful information and a 1
1f the information is pertinent, then a test for O in this
bit slice will identify the "empty" words. Resolving the
matches in the standard manner will then locate the first
and subsequent words for the rewrite cycie. The latter would
include a local erase operation to insure the word contained
all O's prior to the writing of new data. The load time per
word 1is approximately 300 psec. The first word requires an
additional 150 psec to write the match information from the
"status" flag bit equality search into the Fp cells of the

array .
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5.5.4 Technigue for Generating a Word Address

The problem of generating the address of a word satisfying

a search has been investigated and a suiftable solution obtalned.
To perform the operation, it is first necessary to resolve

the match by either the domain tip or electronic scanning
technique and produce a domain in special readout channel of

the word in question. This readout channel 1s coded with

the binary address of the word in a manner which 1s dependent

upon the readout elements utilized. A memory of 2P words requires

a p bit code and p additional sense amplifiers for this purpose.

A binary-coded channel structure 1s depicted schematically

in Figure 67. It is assumed that magnetoresistance readout
elements are utilized, although the basic approach is generally
applicable to the planar-Hall and inductive readout techniques.
Referring to the figure, the X's indicate points where the
sense lines, shown as dotted lines, make contact with the
magnetic film. The code 1s established by the presence

(binary 1) or absence (binary O) of these contacts which

form the magnetoresistance elements in the p bit positions

of the readout channels. The sense lines pass directly across
those bits designated as O's. Thus, when a domain is present
in a readout channel, signals are obtained at the sense am-
plifiers in accordance with the channel code. No signal 1is
obtained for the O's or the 1's in the unswitched channels.
From Figure 6?5 it is seen that the code for word 1 is

(000...0), word 2 (100...0), word 3 (010...0) up to word
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oF ynich is given by (111...11). A 1000-word associative

memory would then require p = 10 sense amplifiers to generate

an address in the manner described.

A similar scheme for generating an address has been investigated
experimentally in conjunction with the study of word selection
logic., The technique makes use of inductive readout with a
channel configuration similar to that shown in Figure 25.

In contrast to the magnetoresistance approach described pre-
viously, channel outputs are obtained for both 1's and O's

in the address, the 1's represented by a large output and the
O's by a small signal. Typical address signals are depicted

in Figure 26 for the eight output channels. The ratio of

signal amplitudes is a function of the number of output channels
crossed by the sense line which is approximately four to one

in the figure.

A word address generator based on this approach would utilize
ten sense lines for an electronics cost of $40. The propagation

delay through the ten output levels would be ~15 psec.

5.5.5 Methods of Reading All Match Words

Four methods have béen considered for performing the operation
of reading all match words. These are divided into two cate-
gories, one in which the match words are read sequentially,

and the other in which an Interlaced reading scheme is employed.
The time to read all matches 1s determined for the case when no

resolving is utilized, i.e., no selection of matches takes
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place, and for the case when the multiple matches are resolved.
In the discussion which follows, Tp is defined as the propa-
gation delay per bit and M, N and m are the number of words,

bits per word, and matches, respectively.

The first technique does not reguire any selection of matches
and words are read one by one. Letting Tl be the time for

the complete read operation, we have
T = MNTp (20)

In the second method, the matches are resolved, but the reading
still takes place sequentially. The time for this operation

T, 1s given by

2

T, = oNT, + Tg (21)

where TR is the total resolve time. The third and fourth
approaches utilize the interlaced reading scheme. In this
procedure, the tips which perform the read operation are delayed

from entering successive words by T the net delay accumulating

p,’
between the first and subsequent words. Each bit slice is
sensed repeatedly as tips enter the word slices. The results

for each word must be assembled by logic external to the

array .

Thus, with interlaced reading, but no resolving, we obtain

a read time'T3 expressed as

T,3 e NT 4 MT = (N + I‘L)T . <22)
3 p p b




When the matches are resolved, the interlaced reading technique
requires that all matches be resolved before the reading
commences. This does not modify the resolve time. In this

manner, we obtain a time TA given by

T, = (N +m)T, + Tg. (23)

If we assume that TR is equal to an equality search time,

then TR = NTp.

The table below presents a comparison of the read times obtalned
by the four schemes. The ratio Ti/Tp is calculated since it
is a constant factor in each case. The values M = 1000 and
N = 100 have been chosen to represent a typical associative

9

memory for spaceborne application” and m is considered as the

variable factor.

Sequential Read Interlaced Read
¥ ¥ ¢ \
N M m Tl/Tp TZ/Tp TB/TP TM/TB
100 1000 10 100,000 1,100 1,100 210
100 1000 50 100,000 5,100 1,100 250
100 1000 100 100,000 10,100 1,100 300

no no
resolve resolve resolve resolve

It is apparent that a considerable reduction in read time

is possible by employing the interlaced read mode of operation
in conjunction with the resolving of matches. The sequential
read technique (Tp), although relatively slow, is much easier

to implement since it is merely a read-on-match operation.
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Proper operation of the interlaced read scheme regquires ac-
curate tip propagation characteristics, velocity in particular,
to insure that a test tip appears at a bit slice at a pre-
determined time. A small variation in the general drive

field would greatly affect the timing of interrogate and sense
amplifier strobe pulses. The increased system complexity
required for the interlaced read mode and the state of the

art of tip velocity techniques renders this mode of operation
unfeasible at this time. For present purposes, the sequential

method of reading multiple matches 1s belileved to be satisfactory.

5.6 Combined Logic Structure for Search and Processing Operations

The results of section 5.4 indicate quite clearly that optimum
associative processor performance would be achieved with a
memory array of type #2 storage cells. Sections 5.2 and 5.3
have presented the logic configurations pertinent to each of
the search and processing operations studied for both bype

#1 and type #2 memory cells. We now combine the aforementioned
configurations based on the type #2 cell into a single search

and processing structure to be contained in each word of memory.

The following search operations require unique logic for

their implementation: (1) equality (2) inequality (3) maximum
(minimum) and (4) intersection. The union of searches isg
obtained by ORing the results of the basic searches in one
flag bit memory cell and hence, requires, no additional logic.

Processing operations which fall into the category of unique
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networks are (1) field addition, (2) operand addition and
(3) complementing. Summation and counting operations are
accomplished by means of operand addition while the shifting
function is achieved with the drive conductors particular to
the maximum (minimum) search. Lasgtly, the logical sum and
logical product operations are based on equality searches
using simple algorithms and require only temporary storage
cells within the word slice. In summary, four search and
three processing configurations must be considered in the

design of the combined logic structure.

Reviewing figures 49, 51, 52, 55, 58, 59, and 60, it is seen

that all search and processing logic is located at one end

of a word-slice. A more sultable organization would utilize
both ends of a word slice as sghown in Figure 68 since mismatch

O and 1 éutput channels are bldirectional propagation paths.

The contents of logic units 1 and 2 designated LUl and E02

in Figure 68 are determined by the bit slice processing re-
quirements. For example, in the inequality and maximum (minimum)
searches, the most significant bit must be processed before

lower order bits. Hence, the logic for these searches must

be contained in LU,. The remaining search and processing logic
can be contained within either 1U; or LU,, or both. A convenient
method of grouping this logic 1is to separate the configurations
which process»mismatch output information only from those

which initially invert the mismatch information and subsegquently

process the match results. The first category consilsts of
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inequality and maximum (minimum) loglc while the second con-
sists of equality, intersection, field addition and operand
addition logic. The complementing network can be located in
either LU or LUE’ but LUl is seen to be more suitable on

the basis of this criteria, LUl would also contain the second

category logic, equality etc.

To obtain a minimum logic structure for LU,, we refer to figures
Lg, 55, 58, and 60 and note that the 1 generator and inverting
gate of the equality, intersection and compléementary logic

1s contained within the configuration pertinent to the field
addition operation. Combining these networks and the operand
addition logic in Figure 59 we obtain the configuration of LUl’
shown in figure 69 rotated 180O to assist the reader in making
comparisons with the aforementioned figures. In Figure 69,

only those control conductors particular to this array are
indicated. Firstly, I, controls the two punch-through elements
which block propagation into LU, except for the inverting gate.
I. 1s energized 1f word slice information must enter the storage
section of LUq. Hold line Hmm'functions to store the results

of individual searches in an intersection of searches operation
or the output of a bit slice for a complementing operation

(to be described in detail below). Iy and If2 are used to
control the readout from their respective cells which share

the match resolve sense line for a block of words. TLastly,

the block conductor shown is employed in the operand addition

to sychronize propagation towards the Zt cell.
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The complementing network shown has undergone some modification
from that depicted in Figure 60. This improved configuration
makes possible word sgslice contrel of a complementing operation.
The latter is achieved by means of fl fiag bit output channels
designated 1 and O in Figure 69. In those words to be comple-
mented fl contains a 1 and produces an ogtput in the 1 gate
channel. This information inhibits propagation from S (con-
tains contents of cell to be complemented) back into the word
slice via channel "a". Gate output channel O is unswitched

at this time and the complement takes place via channel "p".

In those words where no complement 1s desired, fl contains

a O and produces an output in the O gate channel. The latter
inhibits the complemented information from propagating back
into the word slice via channel "b", while the original infor;
mation stored at S is rewritten into the word slice via channel
"a". Gate output channel 1 remains unswitched when f, contains

a 0.

The fﬁnctions of the storage cells in LUl are 1ndicated in
Figure 69. More precisely, flag bit cell fi stores the match
results from a search operation and produces the test tip
required for on-match operations. It also provides an output
as part of the resolving of multiple match operation. Its

role in the complementing function has been described.

The status flag bit cell designated fB in Figure 69 signifies

whether a word 1s empty or loaded. Its output is sensed by
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the match resolve block sense line and via the multiple match
resolve technique facilitates the location of the first or

next empty location in memory.

Memory cells SC, and C54q7 are utilized in the operand and
field additions as described in previous sections. The cell
designated Z; in Figure 58 is not utilized in LUl, since the
X+Y =2 (Y) is the more common field addition. The results
of a field addition are temporarily stored in Z, and then

t
rewritten in the Y field.

Combining the networks of figures 51 and 52, we achieve the logic
structure LU, presented in Figure 70. In this case, words
satisfying the inequality and/or maximum (minimum) search

are so designated by a stored 1 in the match flag bit cell fh’
The output of f) via channel "e" is used for on-match operations
and that via "d" for on-mismatch. When a multiple match

resolve 1is reQuired, the contents of f& must be written into

the fl cells in LUl. While such an operation would consume

an edquality search time, propagation across the memory array

is normally required in the match resolve operation to write

the information into the f2 flag cells (see section 5.5.2,
Figure 63). The shift conductors utilized in the maximum

(minimum) search (see Figure 52) must also encompass the

inequality logic.

A block diagram of a complete associative memory array including

address generator and word select loglc is presented in Figure 71.
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Address generation and word selection would be accomplished
by means of the network in Figure 25 in the manner described

previously.
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6. MATERIALS AND FABRICATION STUDIES

6.1 Introduction

During the program, materials and fabrication studies were
concerned principally with the problem of fabricating multi-
layer DOT associative memory structures on a single substrate
and the investigation of laminated magnetic films. The im-
provements in the design of DOT memory cells and arrays which
are possible when these filmffilm logic networks are constucted
as integrated devices has been described previously in section
L.3.4, TLaminated films are of particular interest due to their
characteristically low switching fields and high switching
speeds 1n comparison to single magnetic layers. In terms of
DOT and an associative memory, their use would make possible

a reduction in tip coercivity (power) and an increase in tip

velocity (speed).

6.2 Multilayer Structures

The basic method of fabricating film-film DOT memory logic
structures is described as the superimposed-film technique.

In this approach, separately prepared magnetic film elements,
each containing a portion of the network channel pattern, are
superimposed, registered to one another and bonded together with
a sultable adhesive. A cross-sectional view of the completed

structure 1s shown in Figure 72.

While this technigue has been employed in the fabrication of

small associative memory arrays (see section 4.3.3) of preliminary
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cell confilgurations for study purposes, it 1s not practical for
constructing large arrays, nor can it be utilized with smaller
cell structures. 1In the case of large arrays, the problem
would be that of maintaining a uniform film-film separation

of the order of .0002 + .0001 inch. With respect to small

cell structures, it is seen that the high density of DOT

logic elements would require concentrated fields from the
control conductors located beneath the film element. This would
not be achieved in a superimposed-film device as described

in section 4.3.4 due to the relatively large film-conductor

separation which exists under these circumstances.

The fabrication of two aluminum and magnetic layers on a single
glass substrate would solve the second of the above problems,

as it makes possible intimate contact between film elements

and control conductors of the DOT associative memory. This
so-called multilayer structure is illustrated in Figure 73. The
insulating layer located between the first magnetic and second
aluminum films serves as a protective coating for the former
during the photo-etching procedure involving the latter. Its
other function is to smooth out any surface roughness which

is present in the regions of the first magnetic layer deposited
over aluminum. To be precise, the tip coercive force in a
channel of the second magnetic film deposited over the insulating
layer must be the same as the Value‘obtained for that channel

and film evaporated directly on a glass substrate.
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In early multilayer DOT structures, the insulating layer con-
sisted of approximately 10,000 2 of silicon monoxide (Si10)
prepared by vapor deposition. Although the evaporation of Si0
is a reasonably straightforward procedure, problems exist

in controlling its thickness and surface properties. Further-
more, the properties of an aluminum layer on S5i0 depend upon
the thickness of the Si0 and differ from those of a similar
layer deposited on glass. Experiments have shown that the
desired properties can be obtained by lowering the substrate
temperature, but here again, control of the Si0 thickness

is required.

The effort to find a suitable insulating layer was continued
during the program. Initial experiments were performed using
an exposed layer of Kodak Thin Film Resist (KTFR) in place

of the Si0. The resist is applied uniformly with a simple
spinning apparatus. Its thickness is controlled by the amount

of material utilized and the spinning speed.

In contrast to results of the work with S5iO, it was found that
the deposition of aluminum over photoresist must take place

at higher substrate temperatures in comparison to an identical
layer over glass in order to achieve a high coercive force

in an overlying magnetic film of normally low coercive force.
First experiments produced sporadic behavior from sample to
sample, i.e., some magnetic films possessed the desired high
coercivity over the aluminum while others appeared as 1if they
were depogited on glass. Incomplete baking out of the solvents
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contained in the resist was considered as a possible explan-
ation for these variations. Subsequent experiments were per-
formed in which the bake-out time was varied in a controlled
manner . Improvements were noted, but the experimental results
for the coercivity of a film on the aluminum could not be

correlated.

The major problem with the photoresist is its susceptibility

to cracking during the aluminum deposition which reguires
substrate temperatures in the vicinity of 260° C. These

cracks would most likely cross channels in the photo-etched
aluminum and behave as lmperfections such as scratches, etc.,
which normally affect the propagation of channeled domain tips.

Attempts to eliminate cracking have not been successful, and

further study of the photoresist technigque has been discontinued.

What appears as the solution to the problem of an insulating
layer has been found in the form of duPont Pyre M. L.

Pyre M. L. is a polymide solution which may be spun on a sub-
stréte like photoresist. Upon baking at 100° C for 30 minutes
and another hour at elevated temperatures (about 250° C), it
hardens and behaves as glass durilng the subsequent aluminum
evaporation. The desired properties of the aluminum layer
have been achieved experimentally without modifying the stan-
dard sluminum deposition procedure. Studies of Pyre M. L.
coatings are still required, however, to insure proper unifor-
mity of pinhcle-free thin layers about .0001 inch thick.
Additionally, techniques must be developed to obtain imperfection-

free surfaces. 6-5



6.3 Laminated Magnetic Films
10

Clow and other workers have reported that very low domain
wall coercivities of approximately .2 oe are obtained in
laminated, 1000 A thick, 80-20 nickel-iron films. These

films consist of ten magnetic layers, each 100 & thick, inter-
leaved with silicon monoxide layers of comparable thickness
deposited alternately in the same vacuum. It is recalled that

0
a single layer, 1000 A thick film of the above composition

normally exhibits a wall coercivity of 1.5 to 2.5 oe.

An explanation of the effect proposed by Clow 1s that the domain
wall energy is reduced in the laminated structure. Figure

7%& shows diagrammatically a cross section through a Néel wall
in which exchange interaction causes the whole of the magnheti-
zation inside the wall to lie in essentially the same direction.
A large free pole energy results. In a laminated film, no
exchange interaction exists through the Si0 layers, and the
magnetization can align itself as shown in Figure 64b in order
to reduce its magnetostatic energy. This energy reduction

may account for the very low coercivity.

In addition to the low wall coercivity obtained in multilayer
films, an increase in the switching speed (inverse switching
time) has also been observedll which is directly proportional
to the number of laminations. In a ten-layer film, the inverse
switching time is ten times greater than in a single film

of the same thickness. Behavior of this type finds direct
application in DOT associative memory arrays where tip
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propagation velocity 1s the factor which limits the speed at
which most searches can be performed. A reduction in tip
coercivity, and thus drive fleld requirements, would also be
possible with laminated magnetic films leading to an even

greater reduction in power requirements.

With these potential improvements in mind, the study of lami-
nated DOT films was initiated. Film samples containing pro-
pagation channels were fabricated with from two to ten layers
using Si0 and NiFeCo evaporants and a special shutter arrange-
ment in the same vacuum system. Tip coercivity was reduced

from 2 oce to .5 oe and velocity nearly doubled at a given

va}ue of applied field. The nucleation threshold normally

12 to 15 oe in single-layer, 13 per cent Co films was, however,
only 5 oe with 10 laminations and approximately 8 oe in a three-

layer structure.

In all cases, the net flux of the film over aluminum was less
than that for the laminated films deposited directly on glass as
measured using the BH loop tracer. It is believed that the
first layer in these films, which may be 150 to 500 K thick,

is of very high coercivity over the aluminum and is not being
switched or contributing to the net flux of the film. Such
layers are characterized by a high dispersion in the magnheti-
zation which may be the cause of the low nucleation fields
measured. Experiments performed to determine the aluminum

necessary to obtain high anisolroplc coercivity and a high
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G o
nmacleation field in a single magnetic film 300 A to 500 A

thick showed that these characteristics are achieved in what
is described as "metallic” aluminum. The latter is obtained
by reducing the temperature of the substrate during the

deposiltion. Further work in this area is required.
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7. DESIGN AND SPECIPICATIONS FOR

ASSOCIATIVE PROCESSOR

7.1 Introduction

It is the intention of this section to present a general
description of a DOT assoclative processor designed on the

basis of the program study effort, the specific areas of

which have been discussed in sections 2 through 6. A typical
memory array organization is described and the power requirements
of film-control conductor-drive coil assemblies calculated.
Sections 7.4 and 7.5 present analyses of memory systems based
upon present and future production capabilities considering

speed, cost, power and size. System tradeoffs are discussed

in the concluding section.

7.2 Memory Plane--Storage Cells and Logic Configurations

The type #2 DOT memory cell has been shown to be most suitable
for performing both the storage and logic functions required
in an associative processor. This configuration will, there-
fore, be utilized as the basic storage element in the proposed

memory array.

In section 5, it was stated that the bits of a word could be
divided into segments to reduct search time by a factor of

two or more. The physical separation between these segments
or their outputs which exists in most cases under these con-

ditions necegsitates the use of galvanomagnetic, rapid




information transfer elements (see section 2.2) in order to
fully realize the savings in time that segmentation makes
possible. Although the feasibility of these transfer elements
has been demonstrated, additional experimental work is required
to improve their operating margins. Thus, at this time, a

memory array design based on the above technigue would not

be practical.

An equivalent approach is to organize the word structure such
that the outputs from all segments are availlable at the same
location on a film plane with the additional provision that
the outputs from successively higher (lower) order bit slices
be\delayed with respect to each other. The latter is a
necessary condition for performing the inequality and maximum

(minimum) searches (see sections 5.2.2 and 5.2.3).

An array organization which meets the aforementioned requirements
is depicted schematically in Figure 75. It is seen that the

bits of a word are contained in two columns in a "staggered"
arrangenent. In thils manner, all interrogate lines can be
located in one layer, the local erase conductors in a second
layer, and a physical separation between cell outputs achleved.
While the array density remains at 280 bits per square inch

for these type #2 memory cells fabricated using the multilayer
structure, the linear density parallel to the word axis (vertical
in the figure) is increased from 11 to 22 bits per inch. As

a result, the basic unit of search time, Tq , 1s reduced from

e
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250 to 125 pusec. The linear density perpendicular to the

word axis is now only 12.5 words per inch.

The proposed processor would consist of 1000 words with 100

bits per word. Taking into consideration the additional space
required for (1) word selection logic, (2) search and processing
control and flag bits and (3) word slice logic (resolve logic,
address generation structure, etc.), the total length of a

word slice would be approximately 6 inches. Based upon magnetic
film deposition technology, one might assume a typical memory
plane size of 3 inches square. Thus, a given word would

require two film planes and a total of 37 words would be
coptained in this film pair. A possible layout of the storage
cell and logic structures is depicted in Figure 76. The small
film element described as the transfer element' is used to
magnetically interconnect’the corresponding mismatch output
channels of each word in the two memory planes. With such

an organization, a complete 1000-word system would consist

of 27 film pairs, or a total of 54 planes.

(.3 Memory Plane--Control Conductor--General Drive Coll Assembly

The determination of the optimum number of memory planes per
drive coil assembly depends upon the relative tradeoffs between
the cost of several lowpower, .5-to-l-ampere pulse driver cir-
cults and a small number of high-power units. At one extreme,
we have the case of a single 3-inch-square magnetic film element

per coil, while at the other extreme, one would consider all
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54 planes driven by a single general drive coil. Let us choose
the former as a reference and calculate typical voltage and power

reguirements for this configuration.

To begin with, a coil wrapped around a 3-inch-square film element
and capable of producing 10 cersteds per ampere of drive current
would be characterized by an inductance LC of approximately

5 #h and resistance RC of approximately 1.7 ohms. The voltage
(Vo) required to achieve a .75-ampere pulse (IC) with a 1 usec

risetime (t_) is then egual to LCIC/tR+IR'w 5 volts. Assuming

=)
an additional 5 volts for current regulation, we obtain a power
supply voltage requirement of VS = 10 volts. The total power
supplied by the source for a single coil assembly is approxi-
mately equal to VSIC or 7.5 watts for a 100 per cent duty cycle.
A complete system would then consist of 54 of these coil
assemblies which yields a'total power requirement of over 400
watts for most search and processing operations. If one

chooses to drive each half of the pair shown in Figure 76 for
half of the total drive cycle, i.e., for the time required to
propagate tips across a given plane, a 50 pércent reduction

in system power 1s obtained. Further segmentation of the

drive coils and proper sequencing of drive pulses would make

possible greater power savings at the expense of increased

electronic cost.

In order to decrease power and electronics cost, the number

of film planes per drive coll assembly must be ilncreased. As

76




an example, congider the case of U planes per coil. Under these
conditions, the drive coil inductance would be 20 ph (coil
cross-sectional area is increased by a factor of 4) with the
resistance remaining relatively unchanged at 1.7 ohms. The
voltage requirements for the aforementioned current pulse IC

is given by (20) (.75) + (1.7) (.75) volts, or 16.25 volts.

With regulation, we have a new VS of 21.25 volts. Power
supplied by the source to drive the four film plane coil assembly
is now equal to 15.9 watts. In this manner, then, 4 planes

can be driven with only twice the power necessary for a single
plane. The total system power using the simple drive coil
segmenting scheme described previously 1s then reduced from 200

watts to ~110 watts since only seven coils are driven at a

time (duration general drive cycle).
2

A simple expression for determining the total system power
as a function of the number of planes per coil assembly (n)
can be derived as follows: First we assume that the drive
coil inductance (LT) is directly proportional to n, i.e.,

T
n, i.e., RT = RC. The supply voltage required for each coil

L, = nL , and the resistance (RT) is relatively independent of
c

assembly VS is then given by VS = (nLCIC/tR + IR, + 5) volts
where tR is the drive pulse risetime and 5 volts is utilized
for regulation. With the number of coil assemblies required
(N) equal to 27/n, the total system power (PT) is expressed

T

L, = 5 ph, and R, = 1.7 ohms, we obtain PT = 27/n Eh(B)(-75) +

as P, = 27/nVOICA Letting I@ = .75 amperes, thl;Qs@cﬁ

(.75)(1.7) + ?] (.75) watts, which produces to PT:(76 + 129/n)
7=7



watts. If the n = 27 (all planes in a single drive coil as-

sembly ), a minimum of 81 watts is obtained. TFurther reduction

p
A
of Pp will necessitate dividing the drive coil(s) into more
than the two segments considered in the above derivation.

The tradeoffs involved in optimizing the drive coill assembly

are described in section 7.6.

As an illustration of the configuration of memory planes and
control conductors in a coil assembly of the type under dis-
cussion, let us consider the four-plane structure depicted

in Figure 77. Part a of the figure shows a cut-away view of

what may be described as a "memory stack" with the cross-sectional
view presented in part b. The film planes are fabricated using
multilayer techniques (see section 6.2) and positioned face

down on the control conductors. The latter are contained on

a single mylar or epoxy bdnd substrate which passes through

the stack in such a way that all planes face the same side.

In this manner, registration and bonding of film planes to

this substrate may be easily performed prior to a folding pro-
cedure which produces the final configuratidn. The spacers
indicated in the figure provide the separation between adjacent
control lines required to minimize stray control fields. The
substrates of the two center film planes function as the spacer

in that region. Methods of interconnecting the control conductors
of the different stacks are not shown in the figure. It 1is
assumed that a simple scheme employing "plug-in' type cards

and connectors would be utilized.
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7.4 System Analysis Baged on Current Production Capability

The size of the basic magnetlc film element and memory array
density are the principal factors to be considered in deter-
mining the power, speed, size and cost of a DOT assoclative
memory system. The calculations of the preceding sections

were based upon a practical film element size of 3 inches square
and array density of 280 bits per square inch. Current pro-
duction capability is, however, optimum with a substrate 2
inches square since most microcircuit processing and handling
equipment is designed for the standard "2-inch" silicon wafer
used in intedrated circuilt manufacturing. An array density

of 200 bits per square inch is presently attainable using the
superimposed-film structure described in previous sections,
while a figure of 360 bits per square inch is projected on the
basis of the development of multilayer film fabrication tech-
nigues. The effect of the increased array density on the system
characteristics is discussed in the section 7.5. The system
characteristics based on the current capability of 2 inch square
film elements with a density of 200 bits per square inch are

described next.

A memory array consisting of type #2 cells organized in the
manner depicted in Figure 75 would be characterized by a word
length of approximately 5 inches and a word slice density of
10 words per inch. Taking into consideration word selection
logic, LUy and LU2 (see Figure 71), we obtaln a total length

of nearly 6 inches which would redquire the interconnection
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of 3 superimposed film pairs (see Figure 76) to form a complete
memory plane. A 6 inch by 2 inch plane would contain only 20
words, such that 50 memory planes would be required for a 1000
word memory. With 5 planes per segmented general drive coil

as a convenient stack configuration, we obtain a memory consisting

of 10 stacks operated by 20 general drive circuits.

The total memory system power is essentially that dissipated
during a general propagate pulse. As an example, consider an
equality search which requires 125/»Sec of general drive during
which interrogate drivers are pulsed for only l/LS@C. The duty
cycles of other control line drivers such as word select, hold,
etc. are also small, say 1%, so their contribution to the
éystem power 1is negligible. Even in the extreme case where

100 interrogate drivers were energized during an equality search
operation, which is the équivalent of 1 driver being "on" for
the complete cycle, the 100 ma interroate pulse is only 100/750
or 13% of the general drive current. The "interrogate power'

is then less than 2% of the general drive power assuming

similar line resistances.

To compute the system power, we make use of the expression
derived in the previous section for Pt as a function of the
total number of memory planes and number of planes per general‘
drive coil (n). In the present case 50 planes are required

as opposed to 27 in the expression given and the general drive

coll is smaller by 33%5 With IC = L[5 amperes, tR = lf&secj
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LC = B.Q%h and RC = 1.2 ohms, we obtain for the total power

P
P, = 50 [n(3.5) (.75) + (.75) (1.2) + 5] (.75) watts
n
or
PT = 98 + 221/n watts

Setting n = 5 in P_, we obtain a total system power of 142 watts.

T

The electronics required for the DOT associative memory consists
of (1) general drive, (2) control, (3) timing and logic and

(4) sense. The general drive circultry consists of 20 bipolar
drivers which produce the propagate and erase fields in the 10
memory stacks. The cost of these drivers would be $100.
Cé%egory (2) is comprised of 300 interrogate and local erase
line drivers for the 100 bit slices, 20 hold line drivers

(2 per stack) 25 control line drivers for LU. and LUQ, EN

1
drivers for the word selection logic and 14 drivers for the
shift conductors of the maximum (minimum) search. This is

a total of 370 control drivers which at $2 per circuit costs

$740.

The logic and timing circuiltry includes the search and mask
registers, digital multiplexers, address counters and decoders
for the multiple match resolve operation for a cost of $160.
Lastly, the sense electronics is comprised of the 100 bits
slice sense amplifiers, 10 word address sense amplifiers, 10
block sense amplifiers and 5 additional units for LUl and LU2.

At a cost of $4 per amplifier, we obtain a total cost of $500.
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The total cost of the system electronics would be $1500.

The sirze and welght of the system 1s arrived at as follows:
Let us assume that all drivers, logic and timing circuits are
contained on standard 6 inch by 6 inch printed circuit boards
spaced .5 inches apart in racks. Now, the 20 bipolar general
drivers would require 5 boards, the 350 control drivers--35
boards, the 20 hold line drivers--4 boards, the logic and
timing--5 boards and the 125 sense amplifiers--20 boards. A
total of 70 printed circuit boards results which requires a
minimum volume of 1 cubic foot. Adding the space occupied

by the 10 memory stacks which is approximately .5 cubic feet
and an additional .5 cubic feet for cooling considerations,
we arrived at a total volume of 2 cubic feet. The weight of
the memory system 1s essentially that of the 70 printed circuit

boards or 30 pounds.

In summary, an assoclative processor based on current production

capability would have the following characteristics:
1. Cost of electronics ~$1500
2. Speed (equality search time) = 125/Asec
Power--142 watts

4. Size and weight--2 cubic ft., 30 1bs.

7.5 System Analysis Based on Multilayer Structures

The use of the multilayer film fabrication technigue makes
possible a significant reduction in cell size and hence, an

increase in array density as described in section 4. An array
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of final type #2 memory cells fabricated in this manner would
contain up to 360 bits per square inch and thereby permit a
reduction in system power as well as search time. Firstly,

the above array organized in the 'staggered cell" configuration
(see figure 75) would be characterized by bit slice and word
slice densities of 30 bits per inch and 12.5 words per inch
respectively. A word length of 100 bits with selection logic
and LU1 and. LU2 would have a physical length of 4 inches and
require the interconnection of 2-2 inch square film elements.

A total of 25 words would be contained on a 2-film memory

plane and 40 planes would be required for a 1000 word memory.

Thg total system power 1is computed in the manner described in
the section 7.4 which is based on a 2 segment general drive
coill for each stack of n-planes. In the case at hand, each
coil segment measures 2 inches by 2 inches as opposed to

2 inches by 3 inches for the coil in the previous calculation.
The coll characteristics are then LC = 2.3 ﬁh_and.RC = .8 ohms

and the total system power given by

P =40 [n(2.3) (.75) + (.75)(.8) + 5] (.75) watts
n

Pp = 52 + 168/n watts

For purposes of comparison with the results of the previous
section, we will again consider a 5 plane stack. Thus, with

n=5 in the above expression, we find that PT = 86 watts.
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The electronics reguirements for this system are similar to
those determined in section 7.4. In this case only 8 stacks
are required, thereby reducing the number of general drivers
from 20 to 16. This is accompanied by a small reduction in
system cost, size and weight. The basic search time of the
memory is approximately 75 psec since the word length is 40%

shorter in a multilayer structure.

A summary of the system characteristics 1s presented below.
1. Cost of electronics--$1475
2. Speed (equality search time)——75fksec
3. Power--86 watts

L, Size and weight--2 cubic ft., 30 1lbs.

7.6 Tradeoff Considerations

The calculations of the previous sections were based on a
memory of 1000 words with 100 bits per word. Considerable
savings in speed, cost, power and size and welight are possible
with smaller capacity memories. Let us now determine the func-
tional relationships between the system characteristics and the

number of words M and bits per word N.

Speed - The basic unit of time in a DOT assoclative memory
is an equality search time TS. TS is directly proportional
to the physical length of a word on a memory plane. If the

bits in a word slice are connected end-to-end, we obtailn

=
!

1 =N 1g T4 = delay per bit = 1.5 usec

Tsl = 1.5N Fsec

(=15




When a staggered organization is utilized

T =, BN /u,Sec,

s2

TSl and TS2 are plotted as a function of N in figure 78. The
staggered cell configuration while apparently superior on the
basis of search time, reduces the word slice density by a factor
of 2. It will be shown that system power 1s inversely propor-

tional to word slice density. Hence, a tradeoff between search

time and power may be favorable under certain situations.

Electronics Cost - Of the four categories of electronics described

in section 7.4, the control line drives and sense amplifiers
accounted for 80% of the total system cost. Using a figure
of. 3.7 control drivers per bit (interrogate 1, interrogate O,
local erase, miscellaneous control) and 1.25 sense amplifiers
per bit (bit slice, misc.--word address, match resolve) and
costs of $2 per control driver and $4 per sense amplifier,

we obtain the cost as a function of N given by

il

c(v) = $ [ (3.7) (2) + (1.25) (4)] ™

or

It

C(N) = $12.4N

The total cost including the general drive, timing and control
logic is then

C $250 + 12,40 N » 50

T

Cop $125 + 12.40 W< 50
2

=

These expressions are plotted in figure 79. The reduction in
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the fixed cost term for N<50 is due to the Tact that under
these conditions, all the bits in a word would be interconnected
in a line doubling the word density and halving the number

of stacks and hence general and hold drivers.

Power - The system power PT is a function of the number

(NC) and electrical characteristics (L Rc) of the general

C)

drive coils using a 2 colls per stack configuration. As

derived earlier,

P =N nL T /t_ + IR + :] I watts

T c [A c c/ R cc 2 c

where n = number of memory planes driven by a coil pair,

Fc = .7hH amperes and tR = 1/~sec. In determining Nc (M, N),

L. (N) and R, (N), we consider two word slice densities,

dwl = 25 words per inch and dw2 = 12.5 words per inch. It
is recalled that dwl is‘achieved when all the bits in a word
are interconnected in a single line and characterized by an

equality search time T d results when the bits are staggered

s1° “yo

to reduce the equality search time defined as T - and physical
_ S

word length. If the latter is limited to ~4 inches, then

a staggered array 1s reguired for nd>50 and PT is computed on

the baslis of dw For n<50 both array organizations are

o

feasible and PT must be determined for d and d .
W wls

2

To find N, (M, N), we observe that the number of memory planes
is not a continuous function of M. With 2 inch sguare film

elements, d_.=550 words per plane and d =25 words per plane.
Wl ) w2
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Thus,

He (0p) = 4 <,5_%_>>,1 for ne50
N, (d ) = % ( g)é 1 for all N

where M, M = integer or next largest integer.
25 50

The general drive coil inductance Lc (N) is expressed in terms

of the value for a 2 inch sduare coil which is E.B,kh. Since

LC is directly proportional to coil length in the word direction
(width of coil is constant) and coil length is directly proportional

to physical word length, for a staggered array we have

L (dw2> = 2.3 h for all N

c o0/
When the word slice is organized as a single line of cells to

minimize N , we have
c

L. (4

. ) = 2.3 N fbh for N<50

wl
The expressions for coll resistance RC (N) have the same form
as those for L, (N). With the resistance of a 2 inch square

coil equal to .8 ohms, we obtain

R (d o) = .8 N ohms for all N
¢ v 100
and.
R (d ) = .8 N ohms for Ng50.
c wl ==

50

Substituting the expressions for ch Lc and RC into the egquation

for PT yields

P 1 (M [} V(N )(.75) + (75)(.8)( N ) + 5| (.75) watts
rl%e) = A Qﬁﬁ) <1oo)< ) >(1oo) i] for all N
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and

P (dwl):-£_<_M) X% 2.3 N (.75)+(.75)(.8) N+ 5“ .75 N<50.
n 50 50

d nd P (d as f tl of M and N
T( w2> a T( wl> a function a s
N is chosen as the independent variable to assist the reader

In computing P

in comparing the power, speed and cost curves, with M as the
parameter. The number of memory planes per drive coil is

described by

N = 5 for M/25, M/5025

=
i

- M/25, M/50 otherwise.

The curves for PT are presented in Figure 80. Referring to
the latter, we observe that the rate of change of PT with N
increases with M. For a given memory capacity of M x N bits,
P_is lower in the system with fewer words. For example, a
1000 word, 40 bit memory consumes 52 watts of power while a
400 word, 100 bit memory requires only 34 watts. In all cases
for a given value of M and

w2>
N<50. Thus, one may consilder trading off the longer search

: = o, P | P (4
except M = 100, T(dwl)< T(

time TS for the lower power achieved in the dw type memory

1 1

array.

The dependence of PT on N is depicted in Figure 81 for M = 1000,
N = 100 and 50 and M = 500, N= 100 and 50. It is apparent that
only a small savings in power can be realized by increasing

N above 5.
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Size and Weight - The size and weight of a memory is a function

of the bit slice electronics requirement. The cost curve of
Figure 79 1is then representative of these characteristics if
we substitute for the maximum cost, the maximum weight and

size of 30 1lbs. and 2.0 cu. ft. respectively.

Reviewing Figures 78; 79 and 80, we observe that search time,
cost and power increase with memory storage capacity. For
word lengths of 50 bits or less, power can be reduced at the
expense of speed by modifying the memory array organization.
While in most memories, costs and power increase with speed,
the system characteristics of the DOT assoclative memory are
ph¥sical slze dependent. Thus, a faSter memory brings about
savings in power and cost at expense of word length. No
significant trade-offs are possible when the word length and

capacity are fixed.
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NEW TECHNOLOGY APPENDIX

It is the opinion of the writer that most, if not all, of

the material in this final report should be classified as New
Technology as it applies to the design of an associlative
processor. This report describes the first study effort in
which DOT technidues have been developed expressly for use

in advanced associlative processors.






